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CHAPTER1
Introduction
Gravity is one of the four fundamental forces in nature. Perhaps the most profound fea-
ture of gravity is that it only has an attractive component (as opposed to, for example,
the Coulomb force). Two test particles, even if they are separated by a large distance,
will exert an attractive force on each other. As a consequence, initially small inhomo-
geneities as observed in the early Universe (from the cosmic microwave background)
can grow to become large scale overdensities such as clusters of galaxies.
The theory of general relativity (GR) predicts that in the presence of a massive,
compact object, the gravitational field may be so strong that not even light can escape.
Such objects are called black holes (BHs). A black hole is a very dense object, and
the velocity a particle (or photon) needs to escape its gravitational pull is larger than
the speed of light (or from a GR perspective: the space-time curvature is so large that
light cannot escape the gravitational field of the BH). Generally speaking black holes
are categorized in three main types depending on their mass: stellar mass black holes
(. 100M), intermediate mass black holes (IMBHs; 100M.MBH. 106M), and
supermassive black holes (SMBHs;& 106M). Stellar mass BHs are thought to be the
end point of massive star evolution. The formation of the more massive black holes
(MBHs; MBH& 100M) remains a mystery although several theories have been pro-
posed (Section 1.3.2). Indeed, observationally speaking, the mere existence of IMBHs
is still to be proven beyond doubt, although suggestive evidence exists (e.g. Farrell et al.
2009; Heida et al. 2015b; Kızıltan et al. 2017). It is important to realize that because no
light can escape from a BH (except for extremely faint Hawking radiation, Hawking
1974), by definition we must resort to indirect methods to study the properties of BHs,
for example through their influence on the environment and the behaviour of material
surrounding BHs. Recently, a new avenue to study black holes directly has become
available with the first gravitational wave (GW) detections of merging stellar mass BH
binaries (Abbott et al. 2016a,b).
The traditional way of investigating the properties of stellar mass BHs is in the
electromagnetic (EM) domain, for example by studying the radiation that is produced
by gas stripped from a companion star or by studying the motion of the companion;
MBHs can be studied through analysis of the motions of stars, using a steady reservoir
of gas close to the hole that can be accreted, or by the occasional presence of a star that
passes (too) close to the MBH. In this respect, BHs are often classified in two groups:
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those BHs where only very small amounts of gaseous material are falling towards the
BH, and those where gas is abundant and falls to the BH at higher rates. The former
category are dubbed quiescent or dormant BHs, while the latter are called accreting or
active BHs. The goal of thework presented in this thesis is to improve our understanding
of the physical differences between the two categories by searching in particular for the
quiescent sources, which are currently under represented in observed BH populations
across the whole mass range.
In the rest of this Chapter, we will introduce some necessary concepts and discuss
the main selection biases thought to be present in the current observed populations of
BHs.
1.1 Accretion
When a test particle encounters a gravitational potential well, it will tend to fall into the
well because it will obtain an energetically more favourable state. The process of ma-
terial falling into the potential well of a (sometimes) massive, compact object is called
accretion. During the accretion process, gravitational potential energy is converted to
kinetic energy of the particles. Subsequently, some of this energy is converted to EM
radiation, with an efficiency factor 6 1 for converting rest mass into heat (with 
between 0.1 and 0.42 for neutron stars (NSs) and BHs). We note that conservation of
angular momentum implies that material cannot freely fall to the bottom of the potential
well (i.e. to the compact object) at once, but rather the material forms a so-called accre-
tion disk (see also Section 1.2) after which angular momentum is transported outward
while part of the material will be accreted through the disk. The accretion luminosity
depends on the depth of the potential well, or in other words on the mass (M) and size
(R) of the accreting body, as well as on the rate at which matter enters the potential well
( _M). An order of magnitude estimate can be obtained by assuming a NS as the accreting
body, and a (typical) mass accretion rate _Macc of 1016 g s 1:
Lacc = 1:3 1033 _M16 
0:1
M
M
10 km
R
erg s 1 (1.1)
where _M16 is the accretion rate normalized to 1016 g s 1. In the following, we discuss
the observational consequences of the accretion process in more detail.
The wavelengths at which the bulk of the liberated energy Lacc is radiated depends
on the temperature of thematerial in the accretion disk. The topics of the first four Chap-
ters are related to Galactic sources such as white dwarfs (WDs), NSs and stellar mass
BHs, while the final two Chapters involve massive black holes. To first order, the disk
emission can be described as a simple blackbody where the temperature depends on the
radius of the object. For WDs and SMBHs, the peak of the spectral energy distribution
is in the ultra violet (UV), while it is in the X-ray regime for neutron stars and stel-
lar mass BHs. Because such objects are relatively rare (compared to stars), and because
material in the rest of the Universe is relatively cold, compact objects can be detected as
discrete sources by surveying the sky at UV/X-ray wavelengths. These wavelengths are
preferred over optical wavelengths; although the disk also radiates in the optical, these
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systems are hidden in between an enormous number of normal stars and are therefore
much harder to find. The first, and still most successful method to search for stellar
mass BHs (although in the near future GW will become a strong contender) are X-ray
surveys. Such surveys necessarily require space-based observatories, as X-ray radiation
cannot penetrate the atmosphere of our planet. Therefore it took until the 1960s before
the first X-ray experiments were launched in the form of sounding rockets and bal-
loon experiments (e.g. Giacconi et al. 1962). The technological progress made during
the space race led to the launch of dedicated X-ray observatories such as Uhuru and
Ariel 5. These and subsequent observatories, including the Chandra X-ray Observa-
tory and the XMM-Newton satellite, have since opened up and revolutionized our view
of the X-ray sky.
The energy that is released during the accretion process (i.e. the photons that are able
to escape from the system) exerts an (outward) force on the infalling material. In the
spherically symmetric situation where the outward radiation pressure force exactly bal-
ances the inward gravitational force, the accretion process is called Eddington-limited.
The luminosity that is produced in this situation is called the Eddington luminosity LEdd,
while the accretion rate is noted as _MEdd. Assuming that the accreted material is fully
ionized hydrogen and that the radiation pressure is due to Thomson scattering on elec-
trons, which are coupled to protons via the Coulomb force, the Eddington luminosity
is
LEdd =
4GMmpc
T
 1:3 1038

M
M

erg s 1 (1.2)
Here T is the Thomson cross section, M is the mass of the accreting object, mp is the
mass of the proton and M is the solar mass. If _Macc> _MEdd, the excess infalling mat-
ter would be blown away from the system, and accretion would stop. Therefore, this is
the maximum theoretical accretion rate that can be attained for spherically symmetric
accretion. There are, however, situations in which the assumption of spherical symme-
try breaks down. For example, in the case of accretion through a disk, the Eddington
limit may not apply. Indeed, theoretical work on slim accretion disks (e.g. Abramowicz
et al. 1988; Watarai et al. 2001) and magneto-hydrodynamic (MHD) simulations (e.g.
Ohsuga & Mineshige 2011) have shown that super Eddington accretion (by a factor
of 10 – 20) is possible. Nevertheless, observational studies suggest that the Eddington
limit is in good agreement with the maximum luminosities observed in both stellar mass
(X-ray binaries) and supermassive (AGN) BHs (Steinhardt & Elvis 2010; Binder et al.
2017). An exception are the so-called ultra-luminous X-ray sources (ULXs), which are
X-ray sources with luminosities in excess of 1039 erg s 1, the Eddington limit for a 10
M black hole (see Equation 1.2). These active BHs were first thought to host IMBHs
accreting at or below their Eddington limit. However, at least some of these systems
were recently shown to contain a NS accreting at super Eddington rates based on the
presence of X-ray pulsations (Bachetti et al. 2014; Fürst et al. 2016; Israel et al. 2017).
King & Lasota (2016) and King et al. (2017) further argue that NS accretors should
be present in more ULX systems as continuous accretion weakens the magnetic field,
ceasing the pulsations and making such systems indistinguishable from systems con-
taining a BH. This illustrates that at least in some cases the Eddington limit can be
circumvented.
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1.2 Stellar mass BHs
Neutron stars and black holes are intrinsically very dim objects. Therefore, observing
them directly is a virtually impossible task unless there is gas falling towards the com-
pact object. When a companion star is present, and if material can be provided close to
the compact object and accreted, this facilitates the study of these systems (albeit indi-
rectly) and allows us to derive basic properties. Material can be supplied to the compact
object in various ways, the most common ones being by the stellar wind of the compan-
ion star, or if the companion star fills its so-called Roche lobe, which is an equipotential
surface in the gravitational potential of the binary system that passes through the inner
Lagrangian point (L1). If the radius of the companion exceeds the Roche lobe radius,
its outer layers feel a larger gravitational pull from the compact object than from the
donor star itself and matter can flow from the companion to the compact object. Part of
this material will form an accretion disk due to angular momentum conservation, while
some material may be blown away in a wind or in a collimated stream (jet). Irradia-
tion from the central X-ray source and/or friction (viscosity) will heat the material in
the disk, which leads to the emission of EM radiation. Depending on the mass of the
compact object, such systems are called cataclysmic variables (CVs) in the case of a
WD accretor, while they are called X-ray binaries (XRBs) in the case of a NS or BH.
We remark that in the case of X-ray binaries, most of the radiation from the disk is
reprocessed X-ray emission rather than emission induced by frictional heating. X-ray
binaries are further subdivided into high mass X-ray binaries (HMXBs) and low mass
X-ray binaries (LMXBs) depending on whether the mass of the donor star is above or
below 1 M respectively, while CVs are subdivided in various subclasses based on
their photometric and spectroscopic behaviour and magnetic field strength.
1.2.1 Finding stellar mass BHs: accretion disk outbursts
Many transient and persistent X-ray sources are thought to reside in systems where
material is being supplied to the disk through Roche lobe overflow (RLOF). The evo-
lution of the system over time depends mainly on two parameters: the accretion rate,
and the mass of the accreting object (Smak 1982). These two quantities set the effec-
tive temperature (Te) at the inner and outer edges of the disk, and determine the surface
density profile  of the disk. Depending on Te and , the system is either on the so-
called hot branch if Te>Tc or on the cool branch if Te6Tc, where Tc is the critical
temperature above which the material in the disk becomes ionized. For pure hydrogen,
Tc 6500 – 7000 K. Because mass is transferred to the disk from the companion, and
mass is lost from the disk by accretion onto the central object,  and Te are variable in
time (see Figure 1.1). Three situations are commonly observed to occur in nature. The
first situation occurs when the mass transfer rate to the disk is very high; in this case, the
temperature is above the critical temperature at every point in the disk, and the material
is fully ionized. This results in a system with a stable, hot disk that is permanently in
an outburst, or high state. This situation is commonly observed in ultra-compact X-ray
binaries (e.g. Heinke et al. 2013) and detached double WD (AM CVn) systems (e.g.
Roelofs et al. 2006; Kupfer et al. 2015). A second situation arises when the mass trans-
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Figure 1.1: Illustration of the T – diagram and the conditions for disk (in)stability. Persistent
systems are always on the hot (upper) branch, where the material is fully ionized. Outbursting
systems transition between the cold (lower) and hot branches depending on the surface density
(temperature) in the disk. Mass transfer increases  on the cold branch until max is reached
(which occurs at the ionization temperature of the material in the disk), at which point material
ionizes and the viscosity increases (the thermal instability), and the disk jumps to the hot branch.
This leads to a burst of accretion onto the compact object. This process removes matter from the
disk, decreasing , and the system remains on the hot branch until it reaches min, at which point
it transitions back to the cool, low viscosity branch and the cycle restarts.
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fer rate is low: Te6Tc everywhere and the disk is in a cool state. Such systems where
the mass transfer through the disk and thus the liberated energy and luminosity are low
will remain stable for a long period of time, and these sources are called quiescent sys-
tems. The third situation appears when the mass transfer rate to the disk is intermediate
between the two situations described above. The disk will remain on the cold branch
while its mass (and hence and Te) increase due to steady mass transfer from the com-
panion star. At some point, the temperature in part of the disk surpasses the ionization
temperature of the material, after which a thermal instability will trigger an episode of
rapid accretion onto the compact object, which is called an outburst (see Figure 1.1 and
caption).
The presence of an outburst hence signals the existence of some sort of accretion
flow/disk, which in turn indicates the presence of a compact object in the system if
it emits UV/X-ray radiation. Typical outburst amplitudes range from a few magni-
tudes for CVs up to 10 magnitudes for LMXBs. Searching for outbursts is performed
through photometric monitoring, with detection algorithms dedicated to finding an in-
crease in brightness with respect to the baseline (quiescent) brightness using the historic
lightcurve. Depending on the outburst recurrence time (which depends on the accretion
rate and can vary from days in CVs to decades or longer in BH LMXBs), multiple
outbursts of the same source can provide constraints on the accretion rate and disk evo-
lution. Using a sample of such systems one can also search for correlations, for instance
between the X-ray luminosity and duty cycle (Britt et al. 2015) in CVs. On the other
hand, detecting systems that do not show outbursts and are thus persistently in a qui-
escent state is not so straight-forward. Luckily, there are observational signatures other
than outbursts that can indicate the presence of a compact object or accretion flow.
Clues are provided by the presence of (low luminosity) X-ray emission or a UV excess
over the companion stellar emission, orbital modulations in the lightcurve such as el-
lipsoidal variations due to distortion of the companion by the compact object, variable
irradiation of the donor star or disk warping and Balmer or higher excitation emission
lines (e.g. from He or Fe) in the spectra.
Once a system is suspected to harbour a compact object, an indication of its nature
(WD, NS or BH) can be obtained in different ways. Using only photometric informa-
tion, one can compute the X-ray to optical flux ratio of a system and infer a rough
classification (see e.g. Britt et al. 2013). If spectroscopic information is available, the
distance to the system can be estimated1 to calculate the X-ray luminosity (e.g. Torres
et al. 2014). The width of optical emission lines (in particular the H line; Casares
2015, 2016) can also be related to the mass of the compact object but depends on the
usually ill-constrained inclination with respect to the line of sight. Multi-epoch spec-
troscopy can allow to determine the radial velocity curve amplitude (K2) and orbital
period (Porb) of the companion star, and from this one can derive the so-called mass
function
f =
M31 sin
3i
(M1 +M2)2
=
PorbK2
2G
(1.3)
1For example by using diffuse interstellar bands (DIBs) as a proxy for the amount of dust along our line
of sight towards the system and then converting this into a distance using a 3D reddening map
1.2 Stellar mass BHs 7
Figure 1.2: Inferred mass distribution for Galactic NSs and BHs. There appears to be a dearth of
BHs below 5 M, while massive systems > 20 M are also evading detection. Figure taken from
Özel et al. (2012).
as a lower limit to the true mass (by assuming that the inclination is 90 and with
M1M1 +M2). Here M1 and M2 are the masses of the compact object and companion
star respectively.
1.2.2 The Galactic BH population
In our ownMilkyWay galaxy, there is evidence for 1 SMBH (Sagittarius A; e.g. Ghez
et al. 2008; Gillessen et al. 2009). The remaining BHs in our Galaxy (ignoring for the
moment IMBH candidates in globular clusters) are thought to belong to the population
of stellar mass BHs. Galactic X-ray surveys have led to the discovery of about 40 BH
LMXBs, all of which have been discovered as outbursting X-ray sources. Keeping in
mind that the behaviour of the disk depends largely on the accretor mass and the mass
transfer rate (Smak 1982), the sample selection for outbursting systems can introduce
a bias for either of the previous parameters.
Below a certain mass transfer rate, the time interval during which the disk is in
a cool, stable state is longer than repeat observations of the same area on the sky in
X-rays, and therefore no outbursts have yet been detected. This could bias the sample
towards higher masses, while systems with a lower mass (transfer rate) do not undergo
outbursts as frequently and are not represented in current population studies. This could
potentially explain why, based on the current sample of Galactic NS and BH masses,
there appears to be a discontinuous distribution of masses between the two, specifically
a dearth of BHs with masses below 5 M (Figure 1.2, Özel et al. 2010; Farr et al. 2011;
Özel et al. 2012; although Kreidberg et al. (2012) offer an alternative explanation).
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Alternatively, the presence of a gap could suggest that the formation of NS and BHs
is preferentially biased towards a low mass neutron star or a (relatively) high mass
black hole. From a theoretical point of view, some supernova models do not easily
explain such a bimodal formation scenario (Fryer et al. 2012; Belczynski et al. 2012)
while others do (Kochanek 2014), and a conclusive answer regarding the presence (or
absence) of a mass gap is still lacking.
There are a number of additional potential selection biases relevant to the stellar
mass BH sample. For example, Lee et al. (2002) showed that the black hole mass is
positively correlated with the system orbital period, suggesting that the current sam-
ple could be biased to short orbital period (high mass transfer rate) systems. Wu et al.
(2010) show that the peak outburst luminosity is also related to the orbital period, while
Narayan & McClintock (2005) show that there may be a strong dependence of discov-
erability of the X-ray emission on the inclination and geometry of the system, with no
eclipsing BH LMXB systems currently known.
Selection effects against the most massive BHs (in excess of  20 M) could be
introduced by Galactic dust extinction and crowding. Because a detailed analysis and
mass determination depend on the study of the multi wavelength counterpart, most of
the BH systems that are currently known were found out of the Galactic Plane (an ex-
ception is GRS 1915+105). A potential (but speculative) explanation for this dearth of
massive BHs is the assumption that massive (> 20M) BHs form due to direct col-
lapse of the progenitor, while lighter BHs form through hypercritical accretion onto the
nascent NS which subsequently collapses to a BH (Fryer & Kalogera 2001). The ex-
pected natal kick (and thus space velocity) from the direct collapse of a massive star is
low. In this case, the most massive BHs would have the smallest space velocities and
therefore would not travel far enough out of the Plane to allow the optical counterpart
identification, whereas lighter BHs do leave the Galactic disk where they can be more
easily identified (see also Janka 2013 and Casares et al. 2017). Repetto et al. (2017)
find from binary population synthesis that a population model in which at least some
BHs receive a high natal kick fits the observed BH-XRBs best, although they exclude
systems located in the Galactic Plane. There is suggestive observational evidence that
more massive BHs have lower space velocities (Miller-Jones 2014), but a larger sample
is needed to firmly establish this trend. Searching for BH systems in the Galactic Plane
through IR counterpart studies rather than at optical wavelengths could reveal if these
more massive BHs are hiding in the Plane.
Furthermore, given the positive correlations between black hole mass and orbital
period, and recurrence time and orbital period, it is possible that the highest mass BHs
have recurrence times that are longer than the time for which X-ray observatories have
been surveying the sky. These systems would be absent from the current sample as all
known BH systems were detected through outbursts. We also note that ULXs could be
good candidates for harbouring massive  50 – 100 M stellar mass BHs (e.g. Heida
et al. 2015a).
The recent detections of GWs by the Laser Interferometer Gravitational-Wave Ob-
servatory (LIGO) illustrate another important selection effect, imposed by the chosen
medium to study these systems, i.e. EM radiation. BH–BH mergers are not expected
to yield any EM signatures (although see e.g. Rossi et al. 2010 and de Mink & King
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2017), and hence they have eluded detection until the first LIGO observing run (Abbott
et al. 2016a). Indeed, so far searches for EM counterparts to GW sources have resulted
in non detections at wavelengths across the spectrum (e.g. Smartt et al. 2016; Evans
et al. 2016). Combining EM and GW population studies may shed more light on the
formation and evolution of BH–BH systems. Because merging massive BH binaries
are much louder in GW emission than the merging of fewM BH–BH binaries (Ab-
bott et al. 2016c), the EM and GW methods currently seem to yield a complementary
sample of BHs in the mass range from 3 – 50 M, each with its own sample selection
biases. By searching for BH systems in GW rather than in the EM domain, the bias
towards low mass (6 20 M) BHs can be overcome. The first detected GW events re-
vealed the existence of massive (tens of solar masses) BH–BH binaries (Abbott et al.
2016a,b). van den Heuvel et al. (2017) speculate that the progenitors of such systems
are Wolf-Rayet/X-ray binaries, hence a combined EM and GW study is necessary to
elucidate the whole story. Understanding the selection effects of both the EM and GW
populations will be a crucial step in the study of the population of stellar mass BHs as
a whole.
We now briefly introduce the multi wavelength survey that provides the basis for
our search for quiescent LMXB candidates presented in Chapters 2 through 5 of this
thesis.
1.2.3 The Galactic Bulge survey
TheGalactic Bulge Survey (GBS; Jonker et al. 2011, 2014) is amulti wavelength survey
with the goal of identifying quiescent NS/BH LMXBs as well as a statistical analysis
of the Bulge population of compact binaries. It consists of a wide, shallow mosaic of
ChandraACIS-I observations of two 6 by 1 degree strips above and below the Galactic
Center, and in addition deep optical, NIR and UV surveys of the same area. The Bulge
is a prime location to search for LMXBs, as these are thought to be part of an old stellar
population. Gilfanov (2004) showed that LMXBs are generally good tracers of the mass
distribution, and a significant fraction of the Bulge mass is probed by the GBS. The
dust obscuration, although appreciable in some lines of sight, is generally low enough
to allow the identification of the optical/NIR counterpart when only 1 source is present
in the X-ray error region. This sub arcsecond localisation of the X-ray source is crucial
for classification, as it allows a multi wavelength study of the system.
The two main science goals of the GBS are i) the identification of quiescent BH
LMXBs to investigate potential selection biases in the current sample, and ii) to con-
strain binary evolution models by using the number ratio of discovered CVs and X-ray
binaries to test models of (for example) common envelope evolution. Simulations have
predicted the discovery of 100 XRBs in the GBS, along with a few hundred CVs and
a large amount of active (binary) stars (Jonker et al. 2011). The search for (quiescent)
LMXBs by means of a multi wavelength survey thus has natural by-products in the
form of other classes of X-ray sources that will be classified. As a consequence, such
a survey has the potential for serendipitous discoveries of sometimes rare, peculiar ob-
jects such as outbursting young stars (Britt et al. 2016). Moreover, it likely contains
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homogenously selected samples of abundant X-ray sources such as flare stars, contact
binaries and CVs, making it suitable to perform population studies of these sources.
1.3 Massive BHs
Besides stellar mass black holes, there is solid evidence for the existence of supermas-
sive black holes, which are believed to occupy the centers of most, if not all, massive
galaxies (Kormendy & Ho 2013). Kauffmann et al. (2003) showed that the fraction of
actively accreting SMBHs (called active galactic nuclei or AGN) in the local Universe
is at most 5 per cent; therefore, more than 95 per cent of the SMBHs in the centers of
local galaxies are hidden from our view. The demographic study of quiescent MBHs
therefore requires a different method (with respect to active galaxies) to infer their pres-
ence. Finding secure evidence for such black holes, with masses expected in the range
105 – 1010 M, became possible in the mid 1980s, when Tonry (1984) was able to spa-
tially resolve the sphere of influence (i.e. the region where the gravitational potential
of the BH dominates the gravitational potential of the host galaxy) of the BH in M32,
and concluded that a dark mass of at least 5 106 M must be present in the inner 2
pc. The mass was calculated using the velocity and velocity dispersion () profiles of
the galaxy; more than 30 years later this method is still in widespread use.
1.3.1 Supermassive black holes and their scaling relations
The dynamical modelling of spatially resolved gas or stellar kinematics is a direct way
to determine the black hole mass, and currently about  100 SMBHs are dynamically
confirmed in the centers of galaxies (see e.g. the sample of Kormendy & Ho 2013).
Another direct method is to use the dynamics of molecular gas (masers) in the accre-
tion disk using radio interferometry (e.g. Miyoshi et al. 1995). More indirect methods
make use of (for example) ionized gas dynamics based on spectral emission lines (e.g.
Macchetto et al. 1997; van der Marel & van den Bosch 1998) originating outside of
the BH sphere of influence. An important limitation of the direct (spatially resolved
kinematics) method is that SMBHs are expected to dominate the gas/stellar kinematics
only within their sphere of influence
rinfl =
GMBH
2
 1–100 pc (1.4)
This corresponds to an angular size of  0.0500 at a distance of z = 0.01, and the spa-
tial resolution of existing instrumentation is the limiting factor for the distance out to
which this method can be used. For active galaxies, other techniques such as reverber-
ation mapping or even single epoch spectroscopy of the broad line region have greatly
expanded the range in distances and luminosities for which BHmass measurements can
be made.
For quiescent SMBHs, the discovery of certain BH scaling relations was an im-
portant step to measure BH masses beyond z = 0.01. The presence of such scaling re-
lations, for instance the MBH –LBulge relation (Dressler 1989; Kormendy 1993), the
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MBH –MBulge relation (e.g. Merritt & Ferrarese 2001; Kormendy & Gebhardt 2001;
Häring & Rix 2004) and theMBH – relation (Ferrarese &Merritt 2000; Gebhardt et al.
2000), imply a close co-evolution between the SMBH and galaxy bulge (Kormendy &
Ho 2013). However, the detection of central SMBHs in bulgeless galaxies implies that
a (classical) bulge is not a necessary condition for BH formation and that the presence
and form of these correlations could be related to how the bulge was formed (Kor-
mendy & Ho 2013; Graham 2016). An important remark is that these scaling relations
were derived using mostly massive elliptical galaxies, for which it is easier to resolve
the sphere of influence of the SMBH (Equation 1.4). This may create a bias in the
particular form of the scaling relations, because in particular low mass galaxies (with
MBH6 107 M) are not evenly represented in the parent samples. An efficient method
is needed to identify quiescent, low mass SMBHs at the centers of galaxies (see Section
1.3.3). Independent MBH measurements can then be used to better constrain the scaling
relations and study the potential effects of selection biases on the scaling relations.
As an example of a potential bias, it is currently debated whether the MBH –LBulge
relation is valid across the whole mass range as a single unbroken power law. Gra-
ham & Scott (2013) found evidence for a broken power law, with the high end of the
mass range obeying to the classical relation (MBH/L1, obtained for massive ellip-
ticals) while there is a break to a steeper (MBH/L2) power law below  108 M.
Observationally, this division can be made in terms of the central light profile of the
galaxy: galaxies whose light profile can be adequately described by the Sérsic model
(Sérsic 1963; Sersic 1968) follow the MBH/L2 relation, while galaxies with a central
flux deficit compared to a Sérsic profile (sometimes called core-Sérsic or simply core
galaxies) follow the near linear relation (Graham 2012, 2016). This is interpreted by
Graham (2016) as a difference in the growth process between light and massive black
holes, the former growing through gas-rich (wet) mergers, resulting in Sérsic galaxies,
while the latter grow through gas-poor (dry) mergers that result in core-Sérsic galaxies.
In other words, massive black holes are able to grow much faster than their bulges in
the absence of gas.
A deeper understanding of BH and bulge formation and evolution is required to
determine which are the dominant factors that make some bulges adhere to the scaling
relations, while others do not (see also Kormendy & Ho 2013 for the current state of
affairs).
1.3.2 The formation of SMBHs
Observations of quasars with MBH 1010 M in the early Universe (z 7, when the
Universe was 800 Myrs old; e.g. Reed et al. 2017) pose a challenge for SMBH for-
mation theories. In order to explain the presence of such massive BHs so early in the
Universe, several SMBH formation theories have been proposed. These can be broadly
divided into two streams: those invoking light seed BHs (MBH 100 – 1000 M) and
those invoking massive seed BHs (MBH 104 – 105 M). Figure 1.3 illustrates several
formation scenarios. Among the theories for the formation of light BH seeds are the
direct collapse of pristine (metal free) stars called Population III stars, which can form
BHs of up to 1000 M (Bromm & Larson 2004; Hirano et al. 2014). The subsequent
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Figure 1.3: Illustration of the diﬀerent SMBH formation scenarios. Figure taken from Mezcua
(2017).
growth of such light seed BHs must be through phases of super Eddington accretion
to be able to explain the most massive BHs in the early Universe (Volonteri & Rees
2005; Madau et al. 2014). Alternatively, a supra massive star could be formed in the
center of a pristine gas cloud (protogalaxy) by the direct collapse of inflowing dense gas
(e.g. Loeb & Rasio 1994; Eisenstein & Loeb 1995; Bromm & Loeb 2003) or through
frequent mergers in dense stellar clusters. The resulting supra massive star can sub-
sequently collapse into a 100 – 104 M BH (Portegies Zwart et al. 2004; Devecchi &
Volonteri 2009). Finally, there are also scenarios involving heavy seed BHs, in which
a SMBH is formed directly after the merger of several protogalaxies at z 5 – 6 (e.g.
Mayer et al. 2010, 2015).
An indirect way of constraining SMBH formation theories is to search for the im-
print that the different formation scenarios leave on the local BH demographics. For
instance, the occupation fraction of IMBHs in local dwarf galaxies is expected to de-
pend on the seed formation scenario because Pop III seed BHs are predicted to be much
more numerous in the early Universe than objects that could form heavy seeds (Volon-
teri et al. 2008a; Volonteri 2010; Greene 2012) and therefore the occupation fraction
should be higher compared to the scenarios invoking heavy seed BHss. These dwarf
galaxies have had a relatively quiet merger and accretion history throughout cosmic
time; if not, they would have formed a massive elliptical galaxy at low z. This quiet
merger history is precisely the reason why it is expected that the initial conditions are
still recoverable today. Another example of imprints of the initial conditions involves
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the previously introduced MBH scaling relations: in the case of light seed BHs, dwarf
galaxies are predicted to be below the MBH – relation initially, and move towards the
relation during their further evolution. In the heavy seed scenario, BHs are expected
to be formed at relatively high masses and above the relation (Volonteri et al. 2008a;
Volonteri 2010). These authors also predict an increased intrinsic scatter in the scaling
relations for high seed masses. Related to this, it is important to keep in mind that the
mass range for which these scaling relations are derived is 106 – 1010 M. It is therefore
unclear whether low mass galaxies with MBH 104 6 M should follow the scaling
relations derived for their more massive counterparts in the first place, although there
is evidence that such BHs do adhere to them (Barth et al. 2005; Greene & Ho 2006;
Xiao et al. 2011; Bentz et al. 2016). We remark in conclusion that finding and charac-
terizing quiescent MBHs, which potentially represent the best analogues of the pristine
conditions of seed BH formation in the early Universe (Volonteri 2010; Reines et al.
2016), is of the utmost importance to expand our knowledge of SMBH formation and
evolution.
1.3.3 Tidal disruption events as probes for quiescent MBHs
One promising avenue to find and study the demographics of quiescent BHs at the
centers of galaxies is the study of tidal disruption events (TDEs). Such cataclysmic
events occur when the pericenter of a stellar orbit (Rp) is smaller than the so-called
tidal radius (RT) of the black hole
RT  R?

MBH
M?
1/3
(1.5)
where M? and R? are the mass and radius of the unfortunate star.
When the pericenter of a stellar orbit crosses within the tidal radius of the SMBH,
it will be torn apart by tidal forces. Roughly half of the stellar debris is bound to the
system and will eventually be accreted by the SMBH (Rees 1988; Phinney 1989), lead-
ing to a luminous panchromatic transient event. Several such events have recently been
discovered through their optical (e.g. van Velzen et al. 2011; Gezari et al. 2012; Arcavi
et al. 2014), UV (Gezari et al. 2008, 2009) or X-ray (Donley et al. 2002; Komossa 2002)
emission, although -ray (e.g. Bloom et al. 2011) and radio emission (Alexander et al.
2016; van Velzen et al. 2016a) have also been observed. Interestingly, optically/UV se-
lected TDEs appear to have a peculiar and specific host galaxy preference (Arcavi et al.
2014; French et al. 2016) whereas X-ray selected TDEs do not (Onori et al. in prep). It
is unclear if there is a link with the specific properties of X-ray and optically selected
TDEs.
TDEs could be particularly well suited for finding quiescent MBHs and enable the
study of their demographics. There are several arguments that suggest that the TDE
rate should be dominated by the lowest mass galaxies that still harbour a central SMBH
(Magorrian & Tremaine 1999; Wang & Merritt 2004). For example, given the expo-
nential tail of the galaxy initial mass function (e.g. Shankar et al. 2009), lower mass
galaxies are more abundant than high mass galaxies, and therefore TDEs are expected
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Figure 1.4: The rate of TDEs can be used to directly constrain the occupation fraction of SMBHs
and existence of IMBHs. Diﬀerent colours correspond to diﬀerent turnover values (in MBH) below
which IMBHs do not exist. For example, the purple curve corresponds to a BH occupation fraction
of 1 down to 104 M, while for the grey curve no BHs below 106 M exist. The annotated
numbers represent the corresponding TDE rates (currently estimated at  few 10 5 Mpc 3
yr 1). Figure taken from Stone & Metzger (2016).
to occur more frequently around lower mass BHs. Moreover, there is a negative cor-
relation between the SMBH mass and the central stellar density, meaning that faint
galaxies hosting low mass SMBHs have steeper central density profiles (Faber et al.
1997). This implies an elevated TDE rate, as there are more stars present to diffuse into
the loss cone onto fatal orbits. On the other hand, the tidal radius scales with MBH, so
a lower mass SMBH has a smaller cross section for a star to be scattered onto a fa-
tal orbit which impacts the TDE rate negatively. The global outcome, however, is that
TDEs should be more frequent around low mass SMBHs, and hence by following the
TDEs one should naturally probe the low mass end of the local galaxy (and thus BH)
mass function (MBH 104 – 106 M). A measurement of the TDE rate can therefore be
used to directly constrain the SMBH occupation fraction in quiescent lowmass galaxies
(Figure 1.4; Stone & Metzger 2016).
In spite of these theoretical predictions, most of the optically discovered TDE host
galaxies are thought to harbour black holes with masses in the range 106 – 107 M
(e.g. Stone &Metzger 2016; Kochanek 2016). A number of physical mechanisms have
been proposed to explain this apparent selection bias against TDEs around low mass
SMBHs, including a lower flare luminosity due to inefficient circularization (Guillo-
chon et al. 2014) or adiabatic losses in a slow and dense outflow (Metzger & Stone
2016). Alternatively, this could be a consequence of the SMBH occupation fraction
in low mass galaxies (Stone & Metzger 2016). Kochanek (2016) argue that selection
effects related to the typical cadence of the discovery surveys could explain why the
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observed mass distribution peaks at higher masses than theoretically expected. The ar-
gument goes as follows: the typical timescale tfb at which material starts falling back
to the SMBH after disruption is about 40 days for a 106M BH and a solar type star,
and scales positively with the black hole mass but negatively with the stellar structure
(density) of the disrupted star (Equation 1.6; Lodato & Rossi 2011; Stone et al. 2013;
Kochanek 2016):
tfb =
2GM
( 2) 3/2
 41M1/26 m 1?  3R3/2? days
(1.6)
Therefore TDEs around lower mass BHs are expected to evolve faster (and likely have
lower peak luminosities, assuming the emission is Eddington-limited), and a selection
bias could potentially explain the observed mass distribution (Kochanek 2016). To date,
however, there is no satisfactory explanation for the discrepancy between theoretical
predictions and the observed host galaxy BH masses.
Interestingly, there are several candidateX-ray selectedTDEs around potential IMBHs
in the range 104 – 106 M (Shcherbakov et al. 2012; Maksym et al. 2013; Donato et al.
2014) whereas no such (usually fast) optical events have been discovered (yet).
1.3.4 Fast tidal disruption events as probes of quiescent IMBHs
If we replace the 106M BH in Equation 1.6 by a 104M BH, the fall-back timescale
for the disruption of a solar type star becomes on the order of days. If we now replace
the solar type star with a compact WD of 0.6M, this timescale becomes on the order
of 1000 seconds! Such short peak timescales are also found in numerical simulations
of WD+ IMBH TDEs (MacLeod et al. 2016). These timescales are much shorter than
the typical cadence of any existing transient survey, and therefore such events have not
yet been unambiguously detected. In the following, it is important to realize that the
tidal radius for the disruption of a compact object (such as a WD) is located within the
event horizon of a SMBH > 105 MBH, and hence no observable flare will ensue for a
WD+SMBH TDE. Therefore a transient with a short rise time (which then implies a
compact star being disrupted) that can be associated to the center of a dwarf galaxy/-
globular cluster provides suggestive evidence for the presence of an IMBH (assuming
that the lightcurve traces the fall-back rate). If (fast) spectroscopic follow-up is avail-
able, the absence of H lines in combination with the presence of spectral features of C,
O, Ne or Mg would provide strong evidence of a WD disruption and thus the presence
of an IMBH.
Several short flashes have been discovered at X-ray wavelengths, and the most likely
explanation for at least 2 of these are WD TDEs around IMBHs (Jonker et al. 2013;
Glennie et al. 2015). Similar sources have been discovered (e.g. Bauer et al. 2017)
and possibly associated to a dwarf galaxy, although no conclusive classification can
be made with the available data. The optical counterparts to the known X-ray flashes
are extremely faint (g 27 mag, Jonker et al. 2013; Bauer et al. 2017), and therefore a
precise localisation in the nucleus of a potential host galaxy has not yet been possible.
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While data at such short time resolution are available from X-ray observatories
(because long  tens of kilosecond integrations with asecond time resolution on the
order of a second are common practice), optical surveys typically have longer cadences
and larger exposure times due to a desire for sky coverage and survey depth. Large sky
optical surveys are typically biased towards cadences optimized for the detection of
(super)novae and other traditional transients that have rise/decay timescales of a few
days to weeks. The fast transient sky ( seconds to minutes) is therefore still largely
unexplored at optical wavelengths; given the scaling of the fall-back rate with MBH one
could envisage a short flash of X-ray emission to be accompanied by radiation at other
wavelengths as well. Several pilot studies were performed at optical wavelengths with
promising results, but spectroscopic follow-up has been lacking (e.g. Pedersen et al.
1984). The ESA Gaia mission will, for the first time, probe the parameter space of
second to minute timescales in an all sky survey and with a cadence of  106 minutes.
Exploring this parameter space may lead us to find short bursts of radiation similar to
the fast X-ray flashes potentially associated to quiescent IMBHs; in addition, it may
lead us to completely new phenomena that are yet to be discovered.
Tidal disruption events thus have the potential to be used to locate quiescent MBHs,
ranging from WD disruptions around IMBHs to the disruptions of other stars around
SMBHs. In the near future, large optical sky surveys such asGaia, the Zwicky Transient
Factory, BlackGEM and the Large Synoptic Survey Telescope are expected to discover
several hundreds or even thousands of TDEs (van Velzen et al. 2011; Blagorodnova
et al. 2016). The eROSITA X-ray satellite (to be launched in the spring of 2018) is pre-
dicted to find thousands of TDEs each year (Khabibullin et al. 2014). This will provide
us with a large sample of quiescent MBHs necessary to study the formation and evolu-
tion of black holes and the coevolution (or not; Kormendy & Ho 2013) with their host
galaxy. Independent mass measurements of these galaxies can also shed light on the
validity of the scaling relations between SMBHs and their bulges at the low mass end,
for which it is currently unclear whether they should follow the same scaling relations
as their massive counterparts.
1.4 This thesis
This thesis details a search for quiescent black holes, with the goal of obtaining a more
homogeneous sample of BHs without some of the obvious selection biases that are
present in the current population. The first 4 Chapters cover Galactic (stellar mass)
black holes. We start by introducing the optical part of the Galactic Bulge Survey, and
explain how the association between the X-ray and (usually multiple) optical counter-
parts is performed in Chapter 2. We identify  200 X-ray sources that are good candi-
date LMXBs based on a non-detection in the r0-band (but a detection in the i0-band),
suggesting that their optical light suffers strong effects of extinction, implying that they
are at large distances such as in the Bulge region. This in turn implies that the sources
are X-ray bright and potentially have an (intrinsically) high X-ray to optical flux ratio
typical for XRBs. In Chapter 3 we analyse in detail the colour-colour diagrams in the
GBS footprint, and identify H emission and absorption line candidates and blue out-
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liers with respect to field stars. Although only  20 candidates can be associated with
X-ray sources, both the large time delay between the optical and X-ray observations
(more than 5 years) and the realisation that in particular BH LMXBs can fall below the
X-ray detection limit means that this sample requires further follow up observations
and may also contain several LMXB systems. Chapter 4 presents a detailed follow-up
study of a sample of 26 sources selected on the presence of variability or H emission,
and nicely illustrates the diversity of objects that can be serendipitously discovered in
an optical/X-ray survey. Chapter 5 further presents the discovery of an intriguing inter-
acting double WD (AM CVn) system that is persistently in the high state.
The final two Chapters of the thesis concern the population of quiescent massive
BHs, and in particular the potential of tidal disruption events to both locate and study the
demographics of such BHs (and at the same time learn more about the nature of TDEs
themselves). In Chapter 6 we present the first systematic and robust measurement of
host black hole masses of optically/UV selected TDEs, and discuss their implications
for both the BH population they trace and for the nature of the events. Chapter 7 presents
a status update of our effort to use the Gaia satellite to search for fast optical transients
that may be a signpost for WD disruptions around IMBHs, and that furthermore will
open up a largely unexplored parameter space of the optical transient sky.

CHAPTER2
The Chandra Galactic Bulge Survey: optical catalogue and
point-source counterparts to X-ray sources
T. Wevers, S. T. Hodgkin, P. G. Jonker, C. Bassa, G. Nelemans, T. van Grunsven, E. A. Gonzalez-Solares,
M. A. P. Torres, C. Heinke, D. Steeghs, T. J. Maccarone, C. Britt, R. I. Hynes, C. Johnson, Jianfeng Wu
2016, Monthly Notices of the Royal Astronomical Society, 458, 4530
Abstract
As part of the Chandra Galactic Bulge Survey (GBS), we present a catalogue of optical sources
in the GBS footprint. This consists of two regions centered at Galactic latitude b = 1.5 above
and below the Galactic Centre, spanning (l b) = (61). The catalogue consists of 2 or more
epochs of observations for each line of sight in r0, i0 and H filters. The catalogue is complete
down to r0 = 20.2 and i0 = 19.2 mag; the mean 5 depth is r0 = 22.5 and i0 = 21.1 mag. The
mean root-mean-square residuals of the astrometric solutions is 0.04 arcsec. We cross-correlate
this optical catalogue with the 1640 unique X-ray sources detected in Chandra observations of
the GBS area, and find candidate optical counterparts to 1480 X-ray sources. We use a false
alarm probability analysis to estimate the contamination by interlopers, and expect 10 per cent
of optical counterparts to be chance alignments. To determine the most likely counterpart for
each X-ray source, we compute the likelihood ratio for all optical sources within the 4 X-ray
error circle. This analysis yields 1480 potential counterparts ( 90 per cent of the sample). 584
counterparts have saturated photometry (r0 6 17, i0 6 16), indicating these objects are likely
foreground sources and the real counterparts. 171 candidate counterparts are detected only in the
i0-band. These sources are good qLMXB and CV candidates as they are X-ray bright and likely
located in the Bulge.
2.1 Introduction
TheChandraGalactic Bulge Survey (GBS; Jonker et al. 2011, 2014) is amulti-wavelength
survey (including X-ray, near infrared (NIR) and optical wavelengths) of part of the
Galactic Bulge. The survey area spans two regions of 61 above and below the
Galactic plane. TheNorthern strip runs fromGalactic longitude 36 l6 3 andGalac-
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tic latitude 16 b6 2, while the Southern strip has 16 b6 2. The GBS was de-
signed to detect X-ray sources and their optical/NIR counterparts, to allow the classifi-
cation of discovered X-ray sources based on multi-wavelength photometric and spec-
troscopic observations. The main advantage of the Bulge (over the Galactic Centre) is
that dust extinction decreases quickly as one moves out of the plane, significantly in-
creasing the fraction of X-ray sources for which counterparts at other wavelengths can
be identified. At the same time, the lower source densities reduce the negative effects
of source confusion and crowding. The GBS X-ray source catalogue consists of 1640
unique sources (Jonker et al. 2014) for which more than 3 X-ray photons were detected
in 2 ks exposures in the 0.3  7 keV channel of the Chandra X-ray observatory. The
flux limit of the X-ray observations is (1  3) 10 14 erg cm 2 s 1.
The GBS was designed with 2 main science goals in mind, both of which require
a substantial number of X-ray sources to realize (Jonker et al. 2011, 2014). The first
science goal is the (model-independent) measurement of neutron star (NS) and black
hole (BH) masses to constrain the NS equation of state and BH formation channels.
Model-independent mass measurements can only be made in eclipsing X-ray binaries,
so we need to identify systems that are suitable for dynamical studies. Given the re-
quired high inclination angle, these systems are rare. The GBS is expected to uncover
 120  200 LMXBs, so we expect to discover at least a few eclipsing systems.
The second goal of the GBS is to address X-ray binary formation and evolution,
in particular the common envelope (CE) evolution of binary stars. The efficiency of
CE interactions can be inferred by for example deriving the number ratio of low-mass
X-ray binaries (LMXBs) to cataclysmic variables (CVs) (see e.g. Iben & Livio 1993).
Studying formation and evolution channels requires comparing the source populations
of the detected X-ray sources with binary population synthesis models (see e.g. van
Haaften et al. 2015), and a large and homogeneously selected sample is critical in this
respect. Both of these science goals depend on the identification and classification of
the correct multi-wavelength counterpart.
The depth of the Chandra X-ray observations was chosen to optimize the discov-
ery of quiescent LMXBs (qLMXBs) with respect to CVs. At present, the population
of known LMXBs consists of persistent and transient systems, with almost no systems
discovered in quiescence before entering an outburst. Obtaining a well-defined sample
which does not suffer from observational biases is crucial for understanding their for-
mation scenarios. Jonker et al. (2011) estimated that there are 120 – 200 qLMXBs in
the GBS area that have an optical/NIR counterpart bright enough to be discovered in
the complementary optical/NIR surveys.
There is an ongoing effort of multi-wavelength and variability studies to identify
and characterize the counterparts of the X-ray sources discovered in the GBS. Previous
photometric studies have looked at the brightest optical counterparts among Tycho-2
stars (brighter than V= 12 mag, Hynes et al. 2012) and among the variable stars found
in the Optical Gravitational Lensing Experiment (Udalski et al. 2012). All but a handful
of the objects identified by these authors are brighter than I = 17 mag. The work pre-
sented here significantly extends the search for optical counterparts down to limiting
magnitudes of r0 6 22.5, i0 6 21.1 mag (mean 5 detection limits) by using observa-
tions taken with theMosaic-II camera mounted at the 4-mVictorM. Blanco telescope at
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Figure 2.1: Dust map of an 8 by 6 degree region around the Galactic Centre, showing the ﬁelds
that were observed in the optical as part of the GBS (white squares). The total area covered is
approximately 12 deg2. Each rectangle represents one ﬁeld, which has been observed twice (once
with a small oﬀset to cover most of the gaps between the CCDs, not shown on the ﬁgure). Two or
more ﬁelds partially overlap in all lines of sight. The colour-scale traces the interstellar extinction
integrated to a distance of 8 kpc (taken from Schultheis et al. (2014)).
Cerro Tololo Inter-American Observatory (CTIO), Chile. A complimentary search for
photometric variables has been performed in the r0-band with the Mosaic-II camera,
but with a shallower depth (Britt et al. 2014).
In addition, attention has also been given to bright radio counterparts (Maccarone
et al. 2012) and NIR counterparts (Greiss et al. 2014). Some particularly interesting
objects have been identified. For example, Ratti et al. (2013) found a new long orbital
period CV in a low accretion state, and Hynes et al. (2014) identified a carbon star
likely associated with a symbiotic binary. Torres et al. (2014) have found a large sam-
ple of accreting binaries using medium-resolution spectroscopic follow-up from H
emission-line selected GBS sources. Wu et al. (2015) found a number of accreting bi-
naries that do not obviously exhibit the characteristic H emission lines in their spectra.
Only after the optimal subtraction of the companion star spectrum can the H emission
line be observed.
In this work, we will use deep optical observations of the Galactic Bulge to generate
an optical source catalogue which we cross-correlate with the existing GBS X-ray cat-
alogue.
In Section 2.2 we present the optical observations and explain how we generate the
optical catalogue. In Section 2.3 we cross-correlate this optical catalogue with the X-ray
observations, and we identify the most likely counterparts. The results are presented in
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Section 2.4, and we explore the population properties of the most likely counterparts.
We summarize our findings in Section 2.5.
2.2 Catalogue of optical sources in the GBS area
2.2.1 Observations
The optical observationswere taken during 10 nights, from 2006 June 20 to 30, using the
MOSAIC-II imager mounted in the prime focus of the 4-m Victor M. Blanco telescope
at CTIO, Chile. TheMOSAIC-II instrument consists of a mosaic of 8 CCDs with a total
field of view of 3636 arcmin and has a pixel-scale of 0.27 arcsec/pixel.
The 12 deg2 of the GBS area were covered in 64 pointings. Figure 2.1 shows the
layout of the optical survey overlaid on an extinction map by Schultheis et al. (2014),
integrated to a distance of 8 kpc (roughly the distance of the Galactic Centre, Reid et al.
2014). This illustrates how quickly the interstellar reddening decreases as one moves
out of the Galactic plane, and how this survey evades the most reddened lines of sight.
Each pointing consists of 2 sets of observations, where the second set is offset by
1.2 arcmin in both right ascension and declination with respect to the first, to almost
fully cover the gaps between the CCDs. Each field is observed in 3 filters: r0, i0 and H.
The filter transmission profiles1 are shown in Figure 2.2. To perform the photometric
calibration, we have observed standard star fields containing Landolt stars (Landolt
1992).
The offset observation in a given filter is taken right after the first one, but offset in
right ascension and declination by  1.2 arcmin. The exposure times are 120, 180 and
480 seconds for r0, i0 and H, respectively. Additionally one short 10 second r0-band
exposure was taken for the astrometric calibration. Table 2.1 lists the pointing centres
of the observations, together with the seeing at the time the data were taken. Some
fields were observed twice because of bad observing conditions. In that case we use the
observations with the best observed seeing, which varied between 0.7 and 1.9 arcsec
with a median of 1.06 arcsec.
Table 2.1: List of the pointing centre (in Galactic coordinates) and the seeing towards each ﬁeld
in the r0-band. The median seeing during the observing run is 1.06 arcsec. The observing date is
the modiﬁed Julian date (MJD) of the r0-band observation, which is the middle exposure of the
(i0, r0, H) observing sequence for each ﬁeld.
Field l () b () Seeing (00) Date (MJD in days)
S01  2.81051  1.74992 1.44 53907.0205
S02  2.43564  1.75001 1.34 53907.0543
S03  2.06136  1.75097 1.26 53907.0813
S04  1.68859  1.74980 1.16 53907.1183
S05  1.31301  1.75081 1.88 53907.1462
S06  0.93649  1.74999 1.19 53908.0257
1http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=CTIO
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S07  0.56141  1.75049 1.17 53908.0557
S08  0.18711  1.75096 1.21 53908.0945
S09 0.18876  1.75271 1.12 53908.1211
S10 0.56157  1.75020 0.82 53908.1528
S11 0.93734  1.75052 0.81 53908.1806
S12 1.31311  1.75129 0.95 53908.2084
S13 1.68817  1.74995 0.79 53908.2353
S14 2.06341  1.75031 0.84 53908.2624
S15 2.43978  1.75109 1.05 53908.2898
S16 2.81217  1.75022 1.01 53908.3185
S17  2.81219  1.25085 1.16 53907.1908
S18  2.43631  1.24988 1.09 53907.2184
S19  2.06201  1.24928 1.03 53907.2466
S20  1.68790  1.25038 1.16 53915.1378
S21  1.31129  1.25102 1.18 53907.3022
S22  0.93712  1.25117 1.20 53907.3304
S23  0.56147  1.25034 1.18 53915.2814
S24  0.18692  1.25044 0.96 53915.2481
S25 0.18867  1.25051 1.48 53911.2628
S26 0.56312  1.25110 1.68 53911.2909
S27 0.93912  1.25033 1.06 53912.0313
S28 1.31323  1.25076 0.87 53912.0655
S29 1.68674  1.25029 0.88 53912.0929
S30 2.06290  1.25089 1.04 53912.1195
S31 2.43777  1.25137 1.08 53912.1463
S32 2.81246  1.25062 1.05 53912.1729
N01  2.81103 1.24974 0.92 53912.2039
N02  2.43660 1.24999 1.54 53912.2326
N03  2.05993 1.24929 1.23 53912.2872
N04  1.68874 1.24698 1.16 53912.3142
N05  1.30833 1.24510 0.89 53913.0320
N06  0.93603 1.24717 0.87 53913.0601
N07  0.56239 1.24849 0.77 53913.0873
N08  0.18812 1.24983 0.79 53913.1142
N09 0.18716 1.24878 0.83 53913.1628
N10 0.56203 1.24997 0.88 53913.1893
N11 0.93792 1.24950 0.79 53913.2163
N12 1.31143 1.24874 0.79 53913.2428
N13 1.68723 1.24975 0.74 53913.2836
N14 2.06240 1.24960 0.65 53913.3101
N15 2.43782 1.25014 0.98 53913.3366
N16 2.81285 1.25019 0.95 53915.1082
N17  2.81131 1.75030 1.29 53913.9998
N18  2.43616 1.74961 1.27 53914.0263
N19  2.06159 1.74952 1.17 53914.0529
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N20  1.68770 1.74842 1.25 53914.0794
N21  1.31190 1.74986 1.21 53914.1062
N22  0.93705 1.75058 1.20 53914.1328
N23  0.56215 1.75068 0.93 53914.1846
N24  0.18647 1.74973 0.88 53914.2115
N25 0.18823 1.74932 1.05 53914.2381
N26 0.55797 1.74666 1.27 53914.2653
N27 0.93774 1.75029 1.18 53915.1678
N28 1.31297 1.74942 1.15 53915.3362
N29 1.68820 1.75016 0.97 53915.0015
N30 2.06322 1.75033 1.18 53915.0280
N31 2.43796 1.75000 0.99 53915.0544
N32 2.81276 1.74979 0.91 53915.0813
2.2.2 Data reduction
The data reduction is carried out using a pipeline developed by the Cambridge Astro-
nomical Survey Unit (CASU), which is specifically designed for processing wide-field
mosaic images and is described in detail in González-Solares et al. (2008). This pipeline
was used to process for example the Isaac Newton Telescope Photometric H Survey
(IPHAS, Drew et al. 2005; Barentsen et al. 2014). In what follows we describe the most
relevant steps in the reduction process. For clarity we will refer to fields as the whole
field of view of the instrument, and to frames as single CCD images.
First, the standard reduction steps such as bias-subtraction, flat-field correction and
sky-background subtraction are performed. Cosmic rays, bad pixels and/or columns
are flagged in confidence maps. Source detection and extraction are performed using
standard IRAF routines.
Photometry
In the next step optimal aperture photometry is performed, using a series of aperture
radii to determine the median seeing for each frame. The magnitudes are determined
using an aperture radius that corresponds to the seeing, where a photometric correction
taking into account the aperture shape and size is included. A radial distortion correction
is applied to prevent systematic errors in the photometry due to distortion of the detector
response towards the edges of the field. The source extraction is performed taking into
account the high source densities by including a crowded field analysis (Irwin 1985).
Magnitudes are calculated in the Vega system using the following formula:
m = ZP  2:5 log

flux
exptime

  apcor (2.1)
where flux is the number of counts within the aperture, exptime is the exposure time in
seconds, and ZP is the CCD zeropoint per night (corrected for airmass and atmospheric
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Figure 2.2: Transmission proﬁles of the r0 (left solid curve), i0 (right solid curve) and H (dashed)
CTIO ﬁlters used in this study.
extinction variations), determined using a series of Landolt stars (Landolt 1992). Apcor
is a photometric correction accounting for the aperture shape and size. The values of the
zeropoints for each of the filters are given in Table 2.2. There are two nights on which
no GBS data was taken due to bad weather conditions. If we did not observe standard
star fields on a given night, we use an uncertainty of 0.05 mag for the zeropoint of that
night.
Given that there are no standard calibration sources for the H filter, the H mag-
nitudes quoted in the catalogues are calculated using a constant zeropoint ZPH = 30.
We will tie these magnitudes to the r0-band to make them conform to the Vega magni-
tude scale. To achieve this, we need take into account the strong absorption feature in
the Vega spectrum that lowers the flux below the continuum level (Drew et al. 2005).
Assuming that the broadband r0  i0 colour is well-defined, we only apply a correction
to the r0  H colour index. We correct in such a way that Vega has r0  H = 0. To
achieve this we tie the zeropoint of the H filter to the r0-band, and furthermore we
correct for the Vega H excess:
ZPH = ZPr0   3:58 (2.2)
We determined the H excess of Vega by calculating the synthetic magnitudes of an
HST spectrum (see Section 2.2.5). For the calculation of the photometric errors we take
into account the uncertainty of the zeropoint calculations (Table 2.2), and in addition
we add Poissonian errors in quadrature to incorporate photon counting statistics.
A morphological classification flag is provided based on a comparison of the curve-
of-growth of the flux versus aperture radius for each detected object with the curve-of-
growth of the stellar locus, which is well-defined and can be used to first approximation
to classify objects. Sources that are within 2  3 sigma of the stellar locus are generally
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MJD ZPr0 r0 ZPi0 i0
53907 25.48 0.02 24.81 0.01
53908 25.55 0.05 24.81 0.05
53911 25.55 0.05 24.81 0.05
53912 25.54 0.01 24.80 0.01
53913 25.53 0.02 24.82 0.01
53914 25.55 0.05 24.81 0.05
53915 25.56 0.01 24.81 0.01
53916 25.55 0.05 24.81 0.05
Table 2.2: Photometric zeropoints (in mag) for the nights we observed GBS ﬁelds, determined
using a series of Landolt stars. In case we did not observe standard ﬁelds, we use an uncertainty
of 0.05 mag. The MJD is given for the middle of the night, in days. On MJD 53909 and 53910
we did not observe GBS ﬁelds due to bad observing conditions.
Flag Morphology
0 Noise
1 Extended
-1 Stellar
-2 Borderline stellar
-3 Borderline extended
-7 Bad pixel(s) in aperture
-9 Saturated
Table 2.3: Morphological classiﬁcation ﬂags included in the catalogues by analysing the curve-of-
growth of the ﬂux versus aperture radius for each object.
flagged as stellar, while objects 3  5 sigma below (which signifies a sharper point-
spread function [PSF]) as noise-like, and those 2  3 sigma above (more diffuse PSF) as
extended. Based on the ellipticity of the PSF, ambiguous cases are flagged as borderline
stellar and borderline extended. Sources that appear saturated in the observations are
flagged separately. We also include a flag to indicate if there are bad pixels (e.g. hot
or dead pixels) within the aperture of a source entry. This is done using the confidence
maps mentioned earlier. This analysis is performed for each frame independently, and
later the information is merged together for each field. Table 2.3 shows the possible
classification flags associated with the observations.
Astrometry
The astrometric calibration of the Mosaic-II images is complicated by the significant
distortion in the instrument, where the pixel scale decreases by 4 per cent from the
center to the edge of the instrument field-of-view. Because some fields contain a large
number (more than 1500) of astrometric standards, we can use these to calculate the
geometric distortion correction for the Mosaic-II instrument. We compare the absolute
positions of the astrometric standards to their pixel positions on the detector, and fit a
4th-order polynomial as a function of pixel position. We use this distortion correction
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to convert between pixel positions and positions on an undistorted meta frame.
We use astrometric standards from the second version of the USNO CCD Astro-
graph Catalog (UCAC2; Zacharias et al. 2004) to match against stars on each of the
10s r0-band images. Stars that were saturated, blended or did not appear stellar were re-
moved, and the centroids of the remaining stars were measured and corrected for distor-
tion. An astrometric solution for each image was determined by fitting a position offset
and a four parameter transformation matrix between the observed distortion-corrected
positions and the catalogued position of the astrometric standards. Outliers were itera-
tively removed until the solution converged.
Due to the large changes in stellar density over the GBS fields, the number of
UCAC2 standards coinciding with stars on each image varied from 50 in low density
regions up to over 1500 in high density fields. On average some 390 UCAC2 standards
were used to determine the astrometric solution of each image. The mean root-mean-
square (rms) residual of the solution is 0.076 arcsec in right ascension and 0.065 arcsec
in declination, with standard deviations of 0.011 arcsec in both coordinates.
Next, stars on the 10s images were used to create a secondary astrometric catalogue
to transfer the astrometric solutions to the deep r0, i0 and H images. The same iterative
procedure used for the 10s images was applied to determine the astrometric solution of
the deep images. Typically, a large number of secondary astrometric standards (100 to
over 3500) were available. The solutions have average rms residuals of 0.032 arcsec in
right ascension and 0.030 arcsec in declination. The distribution of the 1 rms values for
each frame is shown in Figure 2.3 and has a mean value of 0.044 arcsec. The bimodal
distribution of the rms values is due to a bimodal distribution of the number of standards
available for calculating the astrometric solution.
Inspection of the astrometric positions shows that there is a population of sources at the
bright end of the magnitude distribution (i06 16 and flagged as saturated) for which
the position changes by more than the optical astrometric uncertainty between the three
filters. This is caused by the PSF centering algorithm having trouble finding the posi-
tion of the peak of the PSF. We expect the astrometry of saturated sources to be less
accurate, so the position of the peak may change by up to a few arcsec (depending on
the magnitude). However, these sources also subtend several arcsec on the CCD, so
there is never the danger of source confusion or mismatching with other objects.
Band-merging
In a last step the source catalogues in different filters are merged to generate one cata-
logue per field which contains for each source the position, r0, i0 and H magnitudes
and their errors, and a morphological classification flag for each band (together with
extensive auxiliary information that can be found in the catalogues). The band merging
is performed using positional information only. It is driven from the r0-band photome-
try, and offsets to the closest sources in the i0 and H observations are computed with
respect to a common field centre and corrected for. The matching is performed between
these corrected coordinates with a search radius of up to 2.5 arcsec, and the conversion
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Figure 2.3: Distribution of the rms residuals (1) of the astrometric solutions for each of the
frames. The average value is 0.044 arcsec. For the frames with an rms higher than  0.07 arcsec
there were only a limited amount of astrometric standard stars available.
to sky coordinates is performed using the unique r0-band reference frame. The search
radius of 2.5 arcsec (much larger than the astrometric uncertainties) is motivated by the
astrometric uncertainties for bright (saturated) stars. If a source is present in the r0-band,
these coordinates are quoted in the merged catalogue. If there is no source in r0, we use
the corrected coordinates of the i0-band position to convert to sky coordinates (again
using the r0-band reference frame). The result is one merged catalogue for the original
field as well as for the offset observations of the same field.
2.2.3 The optical catalogue in numbers
The data products generated using this pipeline consist of the reduced mosaic images
and the derived object catalogues. The catalogues are stored in multi-extension FITS
files as binary FITS tables consisting of a set of descriptors for each detected object.
Each catalogue header contains a copy of the relevant telescope FITS header content
in addition to detector-specific information. The resulting optical catalogue of the GBS
area contains positions and magnitudes of about 22.5 million objects detected in one or
more bands at the 5 level. An example of the most relevant catalogue entries is shown
in Table 2.4. In addition to these tables, the full single-band catalogues as well as the
merged catalogues are available in electronic form at Vizier (http://vizier.u-strasbg.fr).
Table 2.5 lists some numbers that characterize the catalogue.
The distribution of the r0, i0 and H magnitudes are shown in Figure 2.4. In Fig-
ure 2.5 we show the mean Poissonian photometric uncertainties of the catalogue as a
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Filter Nr0 (106) Ni0 (106) NH (106)
Stellar 11.82 15.37 11.41
Probable stellar 0.74 0.62 1.02
Extended 3.66 3.47 3.44
Probable extended 0.57 0.32 0.67
Saturated 0.32 0.97 0.08
Total 17.11 20.75 16.62
Table 2.5: Statistics of the optical catalogue presented in this work, quoted in units of millions.
The numbers given here refer to objects detected only in a certain ﬁlter with a certain ﬂag (they
do not take into account ﬂags in other ﬁlters).
function of magnitude. The errorbars represent the scatter on the mean magnitude. The
horizontal line represents the 5 detection limit. The mean 5 depth of the observations
is r0 = 22.5 and i0 = 21.1 but depends on the seeing. Our catalogue is complete down to
r0 = 20.2 and i0 = 19.2 mag at the 5 level, although we make no attempt to quantify the
detection probability near bright objects. These completeness limits are the brightest
5 detection limits in the optical catalogue.
2.2.4 Detection bias around bright stars
It is plausible that the presence of a large number of saturated sources affects the detec-
tion rate of faint stars in their vicinity. In this paragraph we look for evidence of such a
detection bias in our data.
As our optical observations cover an area on the sky that is largely devoid of X-
ray sources, we can compare the population of optical sources in the vicinity of X-
ray sources with a population of sources in randomly selected positions in the GBS
survey area. For each X-ray source we generate a set of 10 randomly selected offset
positions (excluding the X-ray error circle). Around each offset position, we determine
the distribution of the magnitudes and the distances between the X-ray position and
the location of the stars. We consider stars up to a distance equal to the radius of 4R
(where R is the 1 astrometric error circle of the X-ray observations). So, we compare
similarly sized areas on the sky. Wemake sure that there is no overlap with the 4R area
around the X-ray position. We furthermore restrict our offset positions to be within 200
arcsec of the X-ray position to minimize the effect of extinction variations across the
GBS sky area. We create histograms for the 10 sets of 1640 offset positions and average
them, and denote this the mean histogram Hmag;mean. We create the same histogram of
magnitudes for the optical sources in the X-ray error circles, denoted Hmag;X, and for
an additional independent offset position Hmag;random.
Panel a) of Figure 2.6 shows the difference between Hmag;mean and Hmag;X, while
panel b) of the same figure shows the difference between Hmag;mean and Hmag;random.
The two main features of Figure 2.6a (Hmag;mean  Hmag;X) are the negative and positive
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Figure 2.4: Distribution of the magnitudes of all objects that are detected as stellar in all three
bands within the sensitivity limits of the data. The dark grey areas indicate the magnitude range
where sources are saturated. The photometry for these objects is therefore uncertain, and these
magnitudes should be interpreted with care. The average 5 detection limit of the observations is
r0=22.5, i0=21.1.
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Figure 2.5: Photometric (Poissonian) uncertainties as a function of magnitude. Systematic uncer-
tainties are not included. The errorbars represent the scatter on the mean magnitude in each bin.
The horizontal solid line represents the 5 detection limit. The curved solid line only connects the
datapoints.
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values. Negative values indicate an excess of bright sources in the X-ray error circles
with respect to the average. Clearly bright optical sources have a preference for residing
in the neighbourhood of an X-ray source, while for fainter magnitudes there is no such
apparent preference. We see that the presence of bright sources affects the detection of
fainter sources in error circles of X-ray positions, indicated by the excess of faint sources
when compared to the average (the positive values in panel a) of Fig. 2.6). This effect
can also be observed on the processed images, specifically the r0-band images for which
we have one short 10 s exposure and a long exposure. Multiple sources can be resolved
around bright objects in the short exposures because there is no CCD blooming around
them. In the long exposures the charge leaks into adjacent pixels and faint objects can
no longer be detected. To illustrate that the effect visible in the difference histogram
is real, we also show Hmag;mean   Hmag;random (Fig. 2.6b). We see that in this case the
difference fluctuates around zero, as is expected for random locations on the sky.
Repeating the same analysis described above, but excluding error circles that con-
tain bright sources, we find that the apparent lack of faint sources within the X-ray
error circles disappears, indicating that the observed effect is linked to the presence of
bright stars. We conclude that there is a detection bias: the detection efficiency for faint
sources is lower in the vicinity of bright objects.
Panels a) and b) of Figure 2.7 show the same as in Fig. 2.6, but instead of the stellar
magnitudes, we use the distance from the centre of the error circle (normalized to R)
and we sum over all source magnitudes. In this case we see negative values for offsets
smaller than  1.5, indicating that the optical sources have a preference for residing
near the centre of the error circle. This result indicates that we are finding real coun-
terparts to the X-ray sources. This does not mean, however, that all matches we find at
distances larger than 1.5 are automatically interlopers. In fact, from our assumption
(that the distribution of true X-ray positions within the error circles can be described by
a Rayleigh distribution, see Section 2.3.4), we expect that 30 per cent of the candidate
counterparts will be located outside this region.
2.2.5 Synthetic photometry
We compare our observations to synthetic photometry using all the available optical
data. We consider synthetic photometry of solar-metallicity main-sequence (MS) and
giant stars using stellar SEDs from the Pickles library (Pickles 1998). The binning of
these spectra is sufficiently small (5Å) that we can use them to compute synthetic pho-
tometry for our r0 and i0 filters as well as for the narrow-band H filter. We recompute
the grids of these filter profiles to match the binning of the spectra, meaning that for
each spectral bin we compute the filter transmission value at the midpoint of the bin.
We define the synthetic colours in the Vega system as
m1  m2 =  2:5log
R
T1;FdR
T1;F;Vd
+ 2:5log
R
T2;FdR
T2;F;Vd
(2.3)
where the filter transmission profiles are labeled Tx (see Fig. 2.2), F is the synthetic
spectrum per spectral type andF;V is the spectrum of Vega (Bohlin 2007).We calculate
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Figure 2.6: Top: histogram of the average number of optical sources in oﬀset positions (Hmag;mean)
minus the number of optical sources present in the X-ray error circle (Hmag;X) as a function of
magnitude. There is an excess of bright sources in the X-ray error circles with respect to the average
number of bright optical sources in regions which do not include the X-ray positions. Bottom: same
as the top, but now we have replaced the number of sources found in the X-ray error circles with
the number of sources found in independent oﬀset ﬁelds (Hmag;random). This diﬀerence varies around
zero, which is expected for random (independent) positions on the sky.
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Figure 2.7: Same as Fig. 2.6, instead we show the distribution of the number of sources as a
function of distance from the best-ﬁt X-ray position. The top panel shows Hdist;mean   Hdist;X. We
see an excess of sources towards the centre of the X-ray error circles with respect to the average of
oﬀset positions in the sky. The bottom panel shows Hdist;mean   Hdist;random, and we see variations
around zero as expected for random positions on the sky.
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the positions of MS stars in a synthetic colour-colour diagram (CCD) for spectral types
ranging from O5V to M5V. For the giants we use spectral types from O8III to M5III.
To comply with a Vega-based magnitude scale, we normalize the synthetic colours with
respect to an HST spectrum of Vega.
To compare the simulated r0   H colours with observations, we calculate these
synthetic colours for a range of reddening values using a standard mean Galactic ex-
tinction law R= 3.1 (Cardelli et al. 1989).
2.2.6 Comparison of simulated and observed data
Figure 2.8 shows the colour-colour and colour-magnitude diagrams (CMD) of field S02,
with the synthetic MS and giant tracks overplotted.
The observed unreddenedMS track falls nicely along the theoretical track. We have
plotted theMS tracks for values ofE(B V ) = [0,1,2], while we show giant tracks with
E(B   V ) = [2,3,4]. By calculating these reddening tracks across spectral types for a
range of E(B   V ) the locus of the theoretical MS shifts towards slightly higher (r0  
H) and redder (r0   i0) colours. Panel a) of Fig. 2.8 shows the colour-colour diagram
of this field.We see the locus of unreddenedMS stars (coincidingwith theE(B V )= 0
synthetic track) and a locus of reddened stars which are likely giants at higher r0   i0.
These giants are intrinsically more luminous, so we can detect them at larger distances.
The redder colours (with respect to the unreddened MS) are a combination of intrinsic
colour and interstellar reddening. In the CMD (Fig. 2.8 panel b) we can recognize the
same two branches of MS stars and giants. The red star marks the candidate counterpart
to an X-ray source (see Section 2.3 for more details). The yellow square indicates a
saturated optical counterpart candidate. From the CMDwe see that one of them is a very
blue object compared to theMS stars in the field, and the CCD shows that it is an outlier
showing signs of an extreme H absorption line compared to the rest of the field stars
(inferred from the comparatively low r0  H colour index). The combination of a blue
system with potential H absorption suggests that this object could be a white dwarf
counterpart to an X-ray source. It should also be noted that above r0 17, virtually all
sources are flagged as saturated (regardless of their colour). These sources are plotted as
orange triangles and the photometric information of these optical counterpart candidates
is unreliable.
2.2.7 Effect of reddening on the observed colour-colour diagrams
We can construct (r0   H; r0   i0) CCDs and (r0, r0   i0) CMDs along different lines
of sight to gauge the effect of different amounts of reddening on the observables and
different stellar populations.
In Figure 2.9 we show the CCD and CMD of field S15. This field is located on the
outskirts of the Bulge, and has a lower reddening along the line of sight than the median
GBS fields. We can distinguish between the MS track (left) and the giant branch (right)
in the CMD, though the separation between the two is not strict. Because of the low
extinction we see MS and giant stars out to large distances, resulting in two well popu-
lated branches. The total number of sources in this field is  320000 objects. The stars
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Figure 2.9: 2D histograms of the CCD and CMD of ﬁeld S15, located on the outskirts of the Bulge
in an area of low dust extinction. We used a binsize of 0.025 by 0.025 mag. The low reddening
(Ar0  3.3, see text) towards this ﬁeld results in very well populated MS and giant branches.
Candidate optical counterparts to X-ray sources are marked with red stars and yellow squares.
Yellow squares are those candidates that are ﬂagged as saturated. The total number of sources
towards this ﬁeld is about 320000.
in the gap between the branches are likely reddened MS stars that are located in be-
tween the foreground MS stars and giant stars further out. We can get a rough estimate
of the reddening towards the field using the CCDs. We assume that the two observed
loci of stars are two different populations of stars, and that the left-most clump is com-
prised of foreground MS stars and the right clump consists of typically red clump (RC)
stars towards the Bulge. These RC stars are intrinsically bright and approximately stan-
dard candles, and are generally assumed to trace the population of Galactic Bulge stars.
We assume MV = 1 and B   V=1 for late-type RC stars (Bilir et al. 2013), which we
combine with the colour transformation from Jester et al. (2005) to obtain an absolute
magnitude ofMr0 = 0.7. From the CCDwe estimate that these RC stars are reddened by
E(r0   i0) 1.1, corresponding to Ar0  3.3 with respect to synthetic tracks of unred-
dened MS stars (see Fig. 2.8 panel a). In the figure we have omitted saturated sources
for clarity. Red stars indicate most likely counterparts of the X-ray sources in this field;
yellow squares are those most likely counterparts that are flagged as saturated in one
or more filters. If we compare field S15 with an area with higher extinction (Fig. 2.10,
field N30), we see that the number of stars in the MS branch decreases, but the giant
branch remains similarly well populated, although the giants also move to fainter mag-
nitudes and redder colours due to increased interstellar extinction. This field contains
roughly 270000 sources. Similarly to the previous field, we estimate that the RC stars
are reddened by E(r0   i0)  1.4, corresponding to Ar0  4.2. The righthand panel of
this figure illustrates the typical separation (in r0   i0) between the MS branch and the
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Figure 2.10: Same as Fig. 2.9 for ﬁeld N30 suﬀering from higher reddening (Ar0  4.2, see text).
The increased extinction results in the MS track having less stars relative to the giant branch.
Moreover the populations move to fainter magnitudes and redder r0   i0 colours.
giant branch. The MS track most likely consists of unreddened foreground stars. Notice
that there are more red objects (giants) relative to unreddened objects in this sample.
The reddened MS stars in the gap between the 2 branches in Fig. 2.9 have largely dis-
appeared. The higher extinction renders them too faint for our survey observations.
Increasing the reddening along the line of sight even more results in yet another
structure in both diagrams. In Figure 2.11 we show as an example field S21, located
close to the Galactic Centre and suffering from high dust reddening. The total number
of sources in this diagram has dropped to 120000. Following a similar reasoning as
given for the other two fields, we estimate a total Ar0  7.8 for the RC stars observed at
r0 = 22. We also note that the difference in the number of sources among the 8 frames
in this field is about a factor of 2, indicating that there are reddening variations on 10
arcmin (or smaller) scales along this line of sight.
The CCD and CMD are a powerful tool to search for candidate extreme H emis-
sion and absorption line objects, white dwarfs, carbon stars and various other types of
peculiar objects. This is outside the scope of the current paper, but will be performed
in the future.
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Figure 2.11: Same as Fig. 2.9, for ﬁeld S21 close to the Galactic Centre. We estimate the total
reddening along the line of sight to be Ar0  7.8. The total number of stars in this ﬁeld is about
120000, about a factor of 3 lower than in ﬁeld S15, due to the high dust extinction.
2.3 Optical counterparts to GBS X-ray sources
We now set out to find the optical counterparts to GBSX-ray sources by cross-matching
the X-ray positions with three different subsamples of our catalogue. Because of the
high source densities, often there is more than 1 possible optical counterpart within the
X-ray error circle, and we need to quantify the probability of a source being there by
chance. We perform this analysis in a statistical way with two main questions in mind.
The first one (Section 2.3.3) concerns the properties of the X-ray sample as a whole:
what is the fraction of optical counterparts that is expected to be present due to chance
alignment?
The other question we want to answer is motivated by the limited spectroscopic re-
sources that are available for source classification (Section 2.3.4). For this we want to
address the issue of, given an ensemble of potential optical counterparts to a particular
X-ray source, which optical source within the error circle is most likely to be the real
one. Addressing these questions requires two different methods, as one question is re-
lated to the X-ray sample as a whole while the other question is related to single X-ray
sources.
2.3.1 Optical sample selection
We first apply selection criteria to our optical catalogue in order to eliminate spurious
sources, detector artifacts and other sources of possible contamination in our optical
sample. We apply 3 sets of selection criteria, where the goal is to compare how the
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cross-matching with the X-ray positions behaves for different optical samples.
As a baseline we define the most conservative optical selection criteria, where we
only select sources that are detected as stellar at the 5 flux level in all three filters
(requiring r0 , i0 , H6 0.2). Sources with non-detections in one or more filters are
excluded.We use themorphological classification to discriminate spurious sources (e.g.
cosmic rays, detector cross-talk) from extended and point-like objects. Because the goal
of this paper is to find the optical counterparts to X-ray sources, we also include sources
that were flagged as saturated in our analysis. For these sources the morphological clas-
sification has failed, but nevertheless they comprise a large fraction of counterparts and
we include them in our analysis. Additionally, we limit the cross-match radius to 0.5
arcsec between observations in different filters as a criterion to eliminate possibly spu-
rious matches. This selection procedure reduces the total amount of objects for cross-
matching to 8.3 million (point) sources:
(i) r0 , i0 , H 6 0:2
(ii) r0, i0, H != 0
(iii) Flag(r0, i0, H) =  1 or  9
The second set of selection criteria no longer requires a detection in H. This is moti-
vated by the fact that the images are not as deep in this filter compared to the broadband
observations. The exposure time for H was increased by a factor of 3 with respect to
r0, but Figure 2.2 shows that the total area under the r0 and i0 filter profiles is more than
a factor of 3 larger, resulting in deeper images (as can also be seen from, for example,
the number of saturated sources in Table 2.5). The sample we obtain in this way con-
tains 10.43 million sources detected in r0 and i0.
In a third sample we also allow optical sources that are detected only in the i0-band,
as it is expected that (due to the high dust extinction towards the Bulge) a significant
number of counterparts are heavily reddened, hence these sources will be detected in i0
but not in r0. This gives us a sample of 16.34 million optical sources. The large increase
of sources in the final sample indicates that the i0-band images are significantly deeper
than the r0-band observations. We refer to this optical sample as the least conservative
one in the rest of the article.
We note that in the resulting photometry, objects that are brighter than r06 17 or
i06 16 are generally flagged as saturated. We indicate this in figures showing magni-
tudes as a hatched area throughout the article.
2.3.2 Astrometric uncertainties
Next, we consider the combined astrometric uncertainties of the X-ray and optical
source catalogues. This will determine how large an area around the X-ray source
we will consider for identifying sources as optical counterparts to X-ray sources. The
choice of error circle is largely motivated by the questions we are trying to answer, and
is not the same for our two respective questions.
We start by taking the uncertainties of the Chandra X-ray observations as given in
Jonker et al. (2014). These uncertainties are a function of the number of detected counts
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and the off-axis detection angle and have been calibrated using the method described in
Evans et al. (2010). In addition, we take into account the 95 per cent confidence level
(CL) for the spacecraft pointing, which amounts to 0.7 arcsec2. Furthermore, Primini
et al. (2011) find residual offsets when comparing the Chandra source catalogue posi-
tions to SDSS. They suggest that a component of 0.16 arcsec (1) should be included
in the Chandra positional uncertainty. The total 1 uncertainty of the X-ray positions
is then:
R =
p
(0:4085 P )2 + (0:4085 0:700)2 + 0:16002 arcsec (2.4)
where we have introduced a factor 0.4085 to convert from a 95 per cent CL to a 1
uncertainty. We will use the 95 per cent error circle R95, i.e. the radius within which
there is a 95 per cent chance to find the X-ray source (which is roughly 2.45 for a
Rayleigh distribution).
The uncertainty P is a function of the number of counts, C, and the off-axis angle 
in arcminutes (Evans et al. 2010):
log P =
8>>><>>>:
0:1145   0:4957 log C+ 0:1932
if 0 6 log C < 2:1393
0:0968   0:2064 log C  0:4260
if 2:1393 6 log C 6 3:3
(2.5)
The corresponding 95 per cent X-ray error circle can vary from  0:8 arcsec for small
off-axis angles up to 19.6 arcsec for faint sources detected at a large off-axis angle. In
addition to the X-ray uncertainties we also include a term for the mean uncertainty of
the astrometric fit of the optical observations, and we add the total X-ray and optical
terms in quadrature.
In Figure 2.12 we show the distribution of 95 per cent error circle radii for the X-ray
sources. There are 6 sources with uncertainties higher than 10 arcsec. The median 95
per cent error circle has a radius of R95 = 2.33 arcsec.
2.3.3 False alarm probabilities
We take the X-ray sample and cross-match the positions with the optical catalogue,
retaining all matches within the 95 per cent error circle. The 95 percentile is motivated
by the fact that the relative number of additional true counterparts with respect to the
number of false positives will increase with increasing distance towards the best-fit X-
ray position (because the area of the enclosing circle increases). In Fig. 2.13 we plot the
number of optical sources in the X-ray error circle for the most and least conservative
optical samples in grey and red, respectively. If an X-ray source is present on multiple
fields, we use the average number of unique optical sources within the error circle over
all fields to avoid counting sources multiple times.
We find at least one potential optical counterpart within the combined astrometric
errors for 954 (1160) out of 1640 X-ray sources using the most (least) conservative
2http://cxc.harvard.edu/cal/ASPECT/celmon/
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Figure 2.12: Distribution of the 95 per cent error circle radius of the X-ray positions. There are 6
extreme outliers, not shown here, for which the error circle is larger than 10 arcsec. The median
95 per cent error circle has a radius of R95=2.33 arcsec.
optical sample. The number of optical sources in the latter sample is a factor of 2 higher
than in the most conservative one. We see that the bins with 0 or 1 potential counterpart
get redistributed in a tail towards higher numbers of potential counterparts as we change
from the most to the least conservative optical sample. The number of X-ray sources
with one unique counterpart decreases by 25 per cent when allowing sources detected
only in the i0-band.
This implies that crowding plays a more important role in the i0-band relative to the
r0-band. In general, the fact that multiple potential counterparts are present within the
error circle for more than 75 per cent of the sources will have an important effect on
our results, and crowding will lead us to find matches that are random alignments.
We now quantify the probability of an X-ray source being randomly aligned with
an optical source of a given magnitude. These sources are contaminants in our samples,
so it is of interest to estimate the fraction of interlopers as described below. We use
the stellar densities in the immediate environment of the X-ray position to evaluate the
number of sources expected to be present in to the background. We estimate the optical
stellar densities by binning the total number of stars in circular areas centered on the X-
ray error circles in bins of 0.5 mag. We are interested in the local stellar density, hence
we do not want to venture too far from the X-ray positions as this will increase the
sensitivity to background variations of e.g. the reddening, which can severely affect the
source densities. However, we want a robust estimate, so a small area is not desireable
either. The radii of the circular areas are chosen such that the median number of empty
magnitude bins does not exceed 25 per cent. They amount to radii of 100, 90 and 75
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Figure 2.13: Distribution of the number of potential counterparts within R95 for the most (grey)
and least (red) conservative samples. The ﬁrst bin represents sources without a candidate optical
counterpart in the error circle.
arcsec, where the largest radius belongs to the most conservative optical sample (which
has the lowest stellar densities). We have shown (Sec. 2.2.6) that large reddening gradi-
ents exist on scales of  10 arcmin or smaller, so these radii are small enough that our
stellar densities will not be affected significantly by reddening variations between the
X-ray source position and the location where we determine the optical source densities.
We compute the number of sources that we expect to fall in an area the size of our
error circle assuming the computed stellar densities are uniform over the field. In that
case, the expected number of background sources in each magnitude bin within R95 is:
Ym = R
2
95Nm (2.6)
where Nm is the background stellar density per magnitude bin. The false alarm proba-
bility (FAP) is quantified as the probability of finding one or more random sources in
the error circle, given that we expect a certain number of sources (Ym, estimated from
the stellar density) to be present by chance. Assuming Poissonian statistics, we get:
FAP = 1  Pr(0, Ym) = 1  e Ym (2.7)
In many cases the cross-matching yields more than 1 potential counterpart within
R95. We perform the analysis described above using all possible counterparts, i.e. for
all optical sources that fall within the error circle of an X-ray position, we calculate
the FAP. If sources are present on multiple fields, we include all optical matches in our
analysis. This means that sometimes the same unique optical source will have multiple
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FAP values depending on which field it was detected on3. We select the most likely
counterpart as the source which has the lowest FAP for each X-ray source. If the FAP
value of a potential optical counterpart found on multiple fields is lowest for all cases,
this provides confirmation that that source is the most likely counterpart.
We use these most likely counterparts to estimate the number of sources that are
expected to be chance alignments. Figure 2.14 shows the distribution of FAP values of
the most likely counterparts in the least conservative sample. We interpret the FAP of
a given source as the chance that this most likely optical counterpart is present due to
chance. For example, if we have 10 potential counterparts with FAP= 0.1, we expect
that 1 of those 10 sources is an interloper. Using the distribution of FAP values, we
estimate the number of false positives per bin by multiplying the number of sources
with the FAP value at the centre of each bin. This number is indicated for each bin
by the solid line in Figure 2.14. The dashed line represents the cumulative number of
expected false positives up to a given FAP. For the most and least conservative samples,
we expect respectively 59 and 106 interlopers to be present, which amounts to 6 and 9
per cent of all X-ray sources for which we find a potential counterpart.
In the above analysis, we have assumed that the field we use to determine the back-
ground stellar densities is representative for the stellar population in the X-ray error
circle. However, in Section 2.2.4 we showed that the source detection algorithm is af-
fected by the presence of bright stars. Because there is an overdensity of bright optical
sources in the X-ray error circles, this may introduce a bias in our estimate for the con-
tamination due to interlopers. We note here that if we remove all error circles containing
stars brighter than i06 16, the amount of expected false positives decreases from 106
to 95, hence the contribution of bright stars to the false positives is small and only in-
fluences our results at the per cent level.
2.3.4 Target selection for spectroscopic follow-up
Regarding the question of which optical source to target with spectroscopic observa-
tions for classification, we base ourselves on themethod outlined by Sutherland&Saun-
ders (1992). These authors quantify a likelihood ratio for each optical source within the
error circle of an X-ray source as the ratio of the probability of finding the X-ray source
at a certain position within the error circle to the chance of finding a background optical
source at the same location. This probability is primarily determined by the model for
the PSF of the Chandra satellite. For this particular method wewill not restrict ourselves
to the 95 per cent error circle, because we want to find a counterpart for as many X-ray
sources as possible, and we do not want to miss a priori a number of counterparts to
X-ray sources for which we statistically expect the X-ray source to fall outside R95. We
will therefore use a 4R error circle (99.96 per cent CL) for this analysis. The method
that we employ ensures that sources at larger offsets from the nominal X-ray position
will receive a lower likelihood ratio.
We consider an X-ray source with equal positional uncertainties in right ascension
3The FAP of a potential counterpart detected in multiple fields can change because the magnitude of the
source is not necessarily identical if detected more than once.
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Figure 2.14: Histogram of FAP values of the most likely counterparts to the ensemble of X-ray
sources when considering only sources that are detected in all three bands. The solid line represents
the number of expected false positives in each bin, deﬁned as the number of sources multiplied
by the FAP value at the centre of the bin. The dashed line indicates the cumulative number of
expected false positives up to a given FAP value.
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and declination, with Gaussian distributions g(x,y) in both directions:
g(x,y) = 1
22
e 
x2+y2
22 (2.8)
The probability density of counterparts at an offset (x, y) is g(x, y), in units
of mag 1 arcsec 1. We assume that the probability distribution of the true counterpart
located at a distance r = d / (where d2 = (x)2 + (y)2) from the best-fit position
follows a Rayleigh distribution:
p(r)dr = re 
r2
2 dr (2.9)
The likelihood ratio for objects in the 4 error circle is the relative probability for a
given candidate of finding the true counterpart at a certain offset and magnitude versus
that of finding a background source at the same magnitude and offset:
L(m,r) = re
  r22 dr
2rNmdr
=
e 
r2
2
2Nm
(2.10)
In the above, we have ignored the factor Q defined in Sutherland & Saunders (1992)
to account for the probability that the X-ray source actually has an optical counterpart
within the survey detection limits, or for example the prior on the probability that the
counterpart is in a certain magnitude bin, that it is located at a certain offset or has a
specific colour index. It is in principle possible to extend this analysis to include the
results of a first iteration to determine the priors on these probabilities (see for example
Naylor et al. (2013) for an extensive discussion). It would then be possible to quantify
a lower cut-off for the likelihood ratio value for optical sources: when the chance of
the source being an interloper is very high we could decide not to spend observing
time on it. An extended analysis including priors would mainly impact the absolute
likelihood ratio values of candidate counterparts, not the relative differences between
sources within the same error circle. An extended analysis is outside the scope of this
paper, so we set Q = 1 independent of the candidate counterpart magnitude and offset.
We then select the optical source with the highest likelihood ratio as the most likely
counterpart and best target for spectroscopic follow-up.
Detailed example of the likelihood ratio results
As an illustration, we show the results of the analysis described above in the case of
CXB343. In Figure 2.15 we show the image stamp of this source. The left image is
the H observation, and overplotted are all the sources found within the error circle of
the conservative optical sample. On the right we show the i0-band image, and overlay
the potential counterparts found in the least conservative sample. Table 2.6 lists the
properties of all the optical counterpart candidates found within the error circle, which
is overplotted in black and has a 4 radius of 2.83 arcsec. The plus sign marks the best-
fit X-ray position, and each cross marks a source that corresponds to an entry in Table
2.6. If 2 crosses are drawn on the same source, there are multiple detections. This can
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Figure 2.15: Example of the region around an X-ray source (CXB343) for which we found multiple
counterparts. The left panel shows the H image, and overplotted the sources present in the most
conservative optical sample, while the right panels shows the i0-band image and all sources in the
least conservative sample. The X-ray position is marked with a plus sign, and the 4R error circle
(with a radius of 2.83 arcsec) is drawn in black. Cyan crosses mark the positions of the objects
listed in Tab. 2.6. The white small circle is the source with the highest likelihood ratio, i.e. the
most likely counterpart. If multiple crosses appear on the same source, this means that the source
was detected on multiple detectors and/or overlapping ﬁelds.
be in the offset exposure, on another CCD, or on an overlapping field (or a combination
of these). The most likely counterpart (with the highest likelihood ratio) is denoted
by a small white circle. In this case sources 1 and 2 in the table are the same object,
seen on 2 different detectors. The analysis results in the highest likelihood ratio for this
object in both observations, confirming that this is the most likely counterpart for the
X-ray source. Looking at the magnitudes, the table reveals an apparent dimming of the
counterpart by 2 magnitudes in the i0-band, whereas there is no significant change in
the other 2 bands. The flags show, however, that the source is saturated in both i0-band
observations, indicating that the apparent variability is likely caused by the unreliable
photometry for saturated sources. Source number 3, which is located in the south-east
of the X-ray error circle, is nearly as bright as the most likely counterpart but it has a
sharper PSF compared to other sources in the field and is flagged as noise-like in r0 and
H. The other sources within the error circle are less feasible candidates as they are at
larger distances and fainter magnitudes (increasing the likelihood of chance alignment)
than sources 1 through 3, which is reflected in lower likelihood ratios.
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2.4 Results and discussion
2.4.1 Comparison between FAP and likelihood ratio
It is instructive to compare the results of the two methods we have described in the pre-
vious section to find the most likely optical counterparts to X-ray sources. Because the
FAP method uses a smaller error circle, we cross-match these sources with the sources
that have the highest likelihood ratio for their respective X-ray sources. We use a cross-
matching radius of 0.5 arcsec, as we did in our optical samples.
In agreement with our previous estimation of the contamination in the counterpart
samples, we find that both methods yield the same optical source as the most likely
candidate in 91 (88) per cent of the most (least) conservative counterpart candidates.
The bulk of optical sources for which we find a different counterpart can be intuitively
explained by recalling that the likelihood ratio takes into account the distance from the
centre of the error circle, while the FAP values do not. These sources constitute error
circles that contain a bright optical counterpart candidate on the outskirts of R95. Given
that the density of bright stars is low compared to fainter objects, these sources naturally
have lower false alarm probabilities. However, when we take into account the distance
to the source in the calculation of the likelihood ratio, faint sources close to the centre
of the error circle can obtain higher likelihood ratio values.
We conclude that by comparison of the most likely counterparts based on the two
different metrics we have adopted, we can expect about 10 per cent of sources to be
chance alignments.
2.4.2 Comparison of the counterpart populations
Wenow turn to exploring the properties of themost likely optical counterparts, i.e. those
that have the highest likelihood ratio calculated using the method above. In total, we
find counterparts to 1287 and 1480 X-ray sources for the most and least conservative
optical samples, respectively.
Table 2.7 contains an example of the most relevant properties of the most likely
counterparts. The full tables are available in the online material.
In Section 2.3we defined three different selection procedures for the optical samples
used in our analysis, starting with a very conservative case with a stellar PSF detection
in all bands. Subsequently we allow sources with only r0 and i0 detections and sources
only detected in the i0-band.
When we compare the results for the most likely counterparts, there are no large dif-
ferences in their properties between the three samples (Table 2.8). What one can expect
is that when we include more sources in our respective optical samples, we find more
candidate counterparts to X-ray sources. Because the observations in H are shallower
than in r0 and i0, we expect the median magnitude of the counterparts to become fainter.
Due to the difference in reddening between the r0 and i0 bands, we expect that a sig-
nificant fraction of counterparts will only have an i0-band detection (specifically, those
located more than a few kpc from Earth) because interstellar reddening is more im-
portant in the r0-band. We see that indeed the median magnitude shifts towards fainter
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Figure 2.16: Distribution of the distances between the most likely counterparts and the best-ﬁt
X-ray position for the most (grey) and least (red) conservative samples. We normalized the oﬀset
to the 1 combined astrometric errors per source. 75 per cent of the most likely counterparts that
are only detected in the i0-band are found within 2 of the best-ﬁt X-ray position.
values while the offset between the most likely optical counterpart and the centre of the
X-ray error circle becomes smaller. In Figure 2.16 we show the distribution of offsets
between the most likely optical counterpart and the best-fit X-ray position. 75 per cent
of the most likely counterparts that are detected only in the i0-band are found within 2
of the best-fit X-ray position.
The magnitude distribution of the final sample of candidate counterparts is shown in
Figure 2.17 for the most (grey) and least (red) conservative cases. When we look at the
bright end of the magnitude distribution, there are a total of 754 candidate counterparts
brighter than 17th magnitude in the i0-band, or 51 per cent of all candidates. Of these
754, 584 sources have photometry that is flagged as saturated in r0 and/or i0. As an order
of magnitude estimation, we note that a K2V dwarf (Mr0 = 6.3, see Cox (2000) and the
colour transformation taken from Jester et al. 2005) seen at r0 = 17 mag is consistent
with a source distance of  900 pc assuming Ar0 = 1. This indicates that these sources
comprise a population of foreground sources for which the extinction is low, and they
are likely the real counterparts to the X-ray sources.
Another indication that a large number of the most likely counterparts are fore-
ground stars can be obtained by cross-matching the most likely counterparts of the
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Figure 2.17: Distribution of the i0-band magnitudes of the most likely counterparts in bins of 1
mag for the most (grey) and least (red) conservative samples. The distribution is dominated by a
population of bright foreground sources that are ﬂagged as saturated (i06 16, hatched). Additional
candidate counterparts found in the least conservative sample are mostly faint (i0> 19) sources.
least and most conservative samples within the astrometric errors and then identify
sources for which the optical source with the highest likelihood ratio has changed be-
tween samples.We find that 447, or 30 per cent, of the sources have a different candidate
counterpart. This means that as much as  70 per cent of the sources is the same for
both samples, implying that they are not heavily affected by interstellar reddening since
they are detected in all three bands and thus are likely located nearby. In Figure 2.18
we show the population of sources that are detected in the i0-band, but have a non-
detection in the r0-band. The median i0-band magnitude of these sources is 20.58 mag,
fainter than the median magnitude of the candidate counterparts in each of the optical
samples. This population comprises 171 sources, and these objects are prime targets for
Sample Conservative no H only i0
i0 (mag) 18.17 18.23 18.51
Distance (R) 1.59 1.47 1.33
Number 763 814 901
Table 2.8: Comparison of the populations of the most likely counterparts using the diﬀerent optical
samples. We have excluded saturated sources. Oﬀset denotes the oﬀset between the centre of the
X-ray error circle and the most likely optical counterpart in units of , the radius of the error circle.
We quote the median magnitude and oﬀset of the respective optical samples.
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Figure 2.18: Magnitude distribution of additional candidate counterparts, found when comparing
the least and most conservative samples within the optical astrometric errors. We have omitted
sources ﬂagged as saturated in any band, and only plot sources that are detected in the i0-band,
but not in the r0-band. These 171 objects are excellent candidates for spectroscopic follow-up.
spectroscopic follow-up. If we combine the median i0-band magnitude with the median
5 detection limit in the r0-band, we obtain a lower limit on the typical observed colour
of r0   i0 = 1.9 for these sources. Assuming a system containing a K2V star, which has
an intrinsic colour of r0   i0 = 0.26 (see the assumptions in Sec. 2.4.2), this implies a
differential reddening in the r0-band with respect to i0 due to dust extinction of 1.65
mag. Following Schlegel et al. (1998), we find that Ai = 0.76Ar, so to reach a differen-
tial dust extinction of 1.65 mag the source needs to be reddened byAr = 6.9 mag. Using
the reddening values from Gonzalez et al. (2012)4, we estimate that the average extinc-
tion in the GBS fields towards the Bulge is  8 mag in the r0-band. We conclude that
counterpart candidates detected only in the i0-band are likely located near the Galactic
Bulge, hence X-ray bright, making them good CV and LMXB candidates.
To illustrate this claim, we look in some more detail at CX3, the third brightest X-
ray source (1850 X-ray photons detected) in the GBS catalogue. The position of CX3
coincides with that of SwiftJ1734.5-3027, a known NS LMXB showing long type 1
X-ray bursts (Bozzo et al. 2015). The source was detected as a hard X-ray transient by
Swift in 2013, and Bozzo et al. (2015) place it at a distance of 7.2 kpc. We find only
one optical source within the combined astrometric uncertainties, and identify it as the
optical counterpart of the system. We detect the optical source with i0 = 20.9, and have
non-detections in r0 (lower limit of r0 = 22.5) and H. This yields an X-ray to optical
flux ratio of FXFopt  500, where Fopt was determined from the i0-band magnitude. Such a
4http://mill.astro.puc.cl/BEAM/calculator.php
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large value is typical for X-ray binaries. The detection of this source in our (soft) X-ray
and optical observations predates the discovery of the type 1 X-ray bursts by Swift by
 7 years.
In addition to active (binary) stars, CVs and LMXBs (Jonker et al. 2011), we ex-
pect on the order of a few hundred background AGN in the X-ray sample (see the
discussion in Britt et al. 2014). Most X-ray selected AGN are hosted by spheroids and
bulge-dominated galaxies (Pović et al. 2012). Because they suffer from dust extinc-
tion through the Galactic Bulge, we expect that they will appear as point-like sources,
and we are not biased against their detection as counterparts to X-ray sources. Some of
these background AGN could be identified by their high X-ray to optical flux ratio, as
extinction tends to increase this ratio for background sources. Analysis of the X-ray to
optical flux ratios together with spectroscopic confirmation is required to identify the
background AGN in our sample of counterpart candidates.
2.5 Summary
We present a deep optical catalogue of the Chandra Galactic Bulge Survey fields (GBS;
Jonker et al. 2011, 2014) in 3 filters (r0, i0 andH) consisting of at least 2 (offset) epochs
per pointing. The catalogue contains  22.5 million unique objects, and more than 54
million source detections. The average 5 depth of the observations is 22.5, 21.1 mag in
r0 and i0, respectively. The catalogue is complete down to r0 = 20.2 and i0 = 19.2. We de-
termine the astrometric solutions in each frame to an rms of 0.15 arcsec or better, with an
average astrometric rms of 0.04 arcsec. In addition to the source positions, magnitudes
and their uncertainties, extensive auxiliary information is made available in the pub-
lished catalogues. For example, for each observation we supply a classification based
on the shape of the PSF in comparison with the global PSF properties of the sources in
an image frame.We compare the observations to synthetic photometry, and validate that
they are in qualitative agreement using colour-colour and colour-magnitude diagrams.
All the data, including the processed images, single-filter catalogues and the merged
catalogues are available through the Vizier database (http://vizier.u-strasbg.fr).
Using 3 different subsamples of this catalogue, we search for the optical counter-
parts to X-ray sources discovered in the GBS. The optical samples consist of i) a very
conservative sample, containing objects with a point-like PSF in all bands, ii) a sam-
ple where we no longer require a detection in the H observations (because these are
shallower than the broad-band observations), and iii) a sample where we require only
an i0-band detection. The last sample is motivated by the fact that the dust extinction
along the observed lines of sight can be very high, hence the counterparts will be highly
reddened if the X-ray source is located in the Bulge. Because each of these samples con-
tains more than 8 million sources, it is not trivial to identify the most likely counterpart
for each X-ray source.
We compare the optical observations in regions around the X-ray sources with
(pseudo-)random regions in the sky (to minimize the effect of interstellar extinction
variations on the observed properties), and find that there are more bright stars in the
vicinity of X-ray sources, indicating that the bright counterparts we find are likely to be
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the real. We also find that the optical sources appear to be clustered close to the X-ray
positions with respect to random positions on the sky. This suggests that the candidate
counterparts we find are unlikely to be random matches due to chance alignments (this
is true for all candidates, regardless of their brightness). Using a false alarm probability
analysis, we estimate the contamination of optical counterparts due to chance align-
ments based on the local stellar densities. We expect that 10 per cent of the candidate
counterparts are interlopers.
Because the optical colour information alone is not sufficient to unambiguously
classify the X-ray sources, we determine which counterpart is the best candidate for
spectroscopic follow-up using the likelihood ratio technique. This takes into account
the distance from the centre of the X-ray error circle and the local (optical) stellar den-
sities. For the whole sample of X-ray sources, we find 1287, 1345 and 1480 counterparts
for the three respective samples. 754 sources have i06 17 (of which 584 are saturated
in our observations), indicating that they constitute a population of bright foreground
sources which are probably the real counterparts. Comparing the most likely counter-
parts between the most and least conservative optical samples, we find that 447 sources
have a different counterpart between samples. 171 sources are detected in the i0-band
but not in the r0-band, and have magnitudes that are significantly fainter than the global
population of counterpart candidates. This indicates that they comprise a separate pop-
ulation from the foreground sources. This also implies that, as expected (Jonker et al.
2011), a significant number of counterparts ( 12 per cent) are detected only in the i0-
band. These counterpart candidates are either intrinsically red and faint, or the X-ray
sources are located at large distances and suffer from interstellar extinction.
Spectroscopic and photometric follow-up for these objects is either planned or ongo-
ing, and this work will serve as the basis for future follow-up observations to constrain
the nature of the identified systems. In a future article we will use these data to identify
all H emission and absorption line candidates, and perform spectroscopic follow-up
of selected optical counterparts.
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Abstract
We present a catalogue of candidate H emission and absorption line sources and blue objects
in the Galactic Bulge Survey (GBS) region. We use a point source catalogue of the GBS fields
(two strips of (l b) = (6  1) centred at b = 1.5 above and below the Galactic centre), cov-
ering the magnitude range 166 r06 22.5. We utilize (r0 – i0, r0 –H) colour-colour diagrams
to select H emission and absorption line candidates, and also identify blue objects (compared
to field stars) using the r0 – i0 colour index. We identify 1337 H emission line candidates and
336 H absorption line candidates. These catalogues likely contain a plethora of sources, rang-
ing from active (binary) stars, early-type emission line objects, cataclysmic variables (CVs) and
low-mass X-ray binaries (LMXBs) to background active galactic nuclei (AGN). The 389 blue
objects we identify are likely systems containing a compact object, such as CVs, planetary neb-
ulae and LMXBs. Hot subluminous dwarfs (sdO/B stars) are also expected to be found as blue
outliers. Crossmatching our outliers with the GBSX-ray catalogue yields sixteen sources, includ-
ing seven (magnetic) CVs and one qLMXB candidate among the emission line candidates, and
one background AGN for the absorption line candidates. One of the blue outliers is a high state
AM CVn system. Spectroscopic observations combined with the multi-wavelength coverage of
this area, including X-ray, ultraviolet and (time-resolved) optical and infrared observations, can
be used to further constrain the nature of individual sources.
3.1 Introduction
The presence of an ionising radiation field can lead to hydrogen emission lines, while
the presence of neutral hydrogen can result in absorption features in the optical spec-
trum of astronomical objects. From the properties of the H Balmer lines one can infer
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characteristics of the system under study. For example, the properties of single and/or
double-peaked lines can allow us to infer geometrical properties (Horne&Marsh 1986),
the presence or absence of an accretion disc (Schwope et al. 2000; Ratti et al. 2012),
or the nature of the compact object and/or donor star (Steeghs & Casares 2002; van
Spaandonk et al. 2010; Casares 2015, 2016).
Historically, large scale photometric H surveys with modest spatial resolution fo-
cussed on extended sources of emission to study star-forming regions, galaxy groups
and supernova remnants (Davies et al. 1976, and references there-in). More recently,
higher resolution surveys such as the INT Photometric H survey (IPHAS; Drew et al.
2005, Barentsen et al. 2014) have focussed on the Galactic plane to uncover and study
compact sources of emission, typically associated with various stages of stellar evo-
lution. The most noteworthy H survey covering the Galactic bulge is the photo-
graphic Anglo-Australian Observatory UK Schmidt Telescope Supercosmos H Sur-
vey (Parker et al. 2005), going down to R 19.5 mag in the latitude range jbj 6 10.
Currently ongoing is the VST Photometric H Survey of the Southern Galactic Plane
and Bulge (VPHAS+, Drew et al. 2014) which will cover the Galactic bulge and plane
in 5 filters down to at least 20th magnitude.
The analysis of colour-colour diagrams (CCDs) to search for H emission line
objects has been introduced by the IPHAS collaboration. Witham et al. (2008) present
a method and first results of this effort. A variety of source classes, including CVs
(see also Witham et al. 2006, 2007), early-type emission line stars (Corradi et al. 2008,
2010; Drew et al. 2008), active late-type stars, young stellar objects (Vink et al. 2008)
and planetary nebulae (Viironen et al. 2009; Sabin et al. 2010) have been identified. For
an example of the expected source classes and their location in the CCD we refer to fig.
1 in Corradi et al. (2008).
The presence of an ultraviolet or X-ray photon field can ionise hydrogen atoms in
its direct environment, and hence lead to an H emission line in the optical spectrum.
Binary systems containing a compact object, such as a white dwarf (WD), neutron star
(NS) or black hole (BH), are examples of (transient) H emitters, with the strength
and width of the emission line depending on the primary mass, mass accretion rate
and inclination angle with respect to the line of sight (Casares 2015). Other excitation
mechanisms (e.g. collisional excitation in the stellar corona) can also excite H atoms
and induce spectral line emission.
In addition to H emission line objects, some systems show H in absorption. If
the strength of this absorption line is stronger than that of a normal main sequence (MS)
star, it will appear as an outlier below the locus of stars in a CCD. For example, single
H-rich (DA) WDs are known to exhibit a very broad H absorption line. C-rich and S-
type asymptotic giant branch (AGB) stars have molecular ZrO absorption bands in their
spectra that coincide with the location of the H line (e.g. ZrO6456). These objects
will hence also appear to have a deficit of flux in the H filter relative to the r0-band
and appear as outliers to the locus of objects which do not exhibit these features in their
spectrum. Late-type variable stars can cover a large range in colour space depending on
the relative strength of molecular absorption bands (e.g. TiO, VO, ZrO) that are located
in the r0, i0 and H filters.
In this work, we use the optical observations from Wevers et al. (2016a), taken
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as part of the Galactic Bulge Survey (GBS; Jonker et al. 2011, 2014), to search for
sources with excess H emission and absorption signatures compared to normal MS
stars. We also identify blue outliers with respect to field stars in the CCDs. The structure
of this article is as follows: the data is presented in Section 3.2; Section 3.3 outlines the
method used to identify outliers, and in Section 3.4 we present the results. We discuss
our findings in Section 3.5 and summarise in Section 3.6.
3.2 Data
3.2.1 Photometry
As the starting point of our work, we use the optical point source catalogue covering
the GBS fields (Wevers et al. 2016a). This catalogue consists of optical photometry
obtained using the Mosaic-2 camera on the Victor M. Blanco telescope, located at the
Cerro Tololo Inter-American Observatory (CTIO), in three filters: r0, i0 and H. The
areas covered are centred on b = 1.5 above and below theGalactic centre, and consist of
two strips spanning (l b) = (6  1). In total, 64 fields, each consisting of 8 frames,
were observed twice. One of the two exposures was offset by  1.2 arcmin in right
ascension and declination to fill the gaps between the detectors. Therefore we have 1024
observed frames in total. The mean 5 limiting depth of the observations is r0 = 22.5,
i0 = 21.1 mag. The point source catalogue includes objects that have been detected with
a signal-to-noise ratio of more than 5 in all bands. For more details about the optical
catalogue we refer the reader to Wevers et al. (2016a).
Global photometric calibration
The observations consist of two strips of overlapping fields above and below the Galac-
tic Centre, respectively (see fig.1 in Wevers et al. 2016a). We use the overlap between
these observations to apply a photometric calibrationwith the goal of getting all the pho-
tometry on the same absolute scale. There is no overlap between northern and southern
fields, so we calibrate them independently. To this end, we use the method developed
by Glazebrook et al. (1994) (see also Barentsen et al. 2014 for an application of this
method to the IPHAS dataset).
In short, the goal is to minimize the magnitude offsets between stars that are present
on overlapping fields using a set of anchor fields for which the photometry is thought
to be well determined. The reference fields are chosen on 2 photometric nights, namely
MJD 53912 and 59315 (see table 1 inWevers et al. 2016a and Section 3.3.4). We denote
the magnitude offset between stars on overlapping fields asij = hmi  mji. In order
to keep the solution from drifting arbitrarily far from the values of the anchor fields, the
difference in zeropoint values across the fields is also minimized. This problem can be
solved as a linear least-squares problem because the magnitudes and the zeropoints are
linearly related. Following Glazebrook et al. (1994) and setting the weights wij = 1, we
minimize the sum:
60 Candidate H outliers and blue sources towards the Galactic bulge
S =
NX
i=1
NX
j=1
ij(ij + ai   aj)2 (3.1)
where ij is an overlap function that is 1 when there is overlap and 0 otherwise, ai are
the zeropoints to solve for and aj the zeropoints of overlapping fields to ai. N is the
total number of fields included in the least-squares problem.
Minimising the sum in equation 3.1 by varying ai is equivalent to solving Sai = 0,
which yields the matrix equation
NX
j=1
Aijaj = bi (3.2)
where
Aij = ij   ij
NX
k=1
jk (3.3)
and
bi =
NX
j=1
ijij (3.4)
We now solve the least-squares problem by keeping the solutions of the anchor
fields fixed, while the zeropoints of the other fields are allowed to vary to optimize the
solution as a global photometric calibration.
Colour-colour diagrams
Before we move to the details of the selection criteria for outliers, we first introduce the
necessary tools we will use to find them: colour-colour diagrams and synthetic photom-
etry. We merge the nominal and offset observations in each filter (taken within minutes
of each other), and create (r0 – i0,r0 –H) colour-colour diagrams. This gives us a total
512 frames which form the basis of our work. We exclude sources with saturated pho-
tometry in our analysis. We use the same basic techniques as presented by the IPHAS
collaboration (Drew et al. 2005; Witham et al. 2006).
We use a set of synthetic spectra (Pickles 1998) to create synthetic photometry for
spectral types ranging fromO5V toM5V using the CTIO filters1. We redden these spec-
tra with increasing E(B   V ) to estimate the colours of stars at a range of reddening
values (hence distances). We consider solar-metallicity MS and giant stars. The binning
of the spectra is sufficiently small (5Å) that we can use them to compute synthetic pho-
tometry for our r0 and i0 filters as well as for the narrow-band H filter. We recompute
the grids of these filter profiles to match the binning of the spectra, meaning that for
each spectral bin we compute the filter transmission value at the midpoint of the bin.
1http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=CTIO
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We define the synthetic colours in the Vega system as
m1  m2 =  2:5 log
R
T1;FdR
T1;F;Vd
+ 2:5 log
R
T2;FdR
T2;F;Vd
(3.5)
where the filter transmission profiles are labeled Tx, F is the synthetic spectrum per
spectral type and F;V is the spectrum of Vega (Bohlin 2007). It is possible to compute
an upper limit to the r0 –H colour of any physical object based on synthetic pho-
tometry of a pure H emission line spectrum (Drew et al. 2005). The upper limit is
r0 –H = 3.3 for the used filter combinations, hence we discard all objects that have
an observed r0 –H colour above this value. Such values are indicative of a bad cross-
match between the three optical bands, or detector artifacts.
In Figure 3.1 we show an example of a CCD of field S01 (detector 2), centred
at Galactic coordinates (l; b) = (–2.81, –1.75). Observed colours are plotted in black,
and overlaid are synthetic tracks for MS stars (orange squares and blue triangles with
E(B   V )= 0 and 1, respectively) and giants (red diamonds, E(B   V )= 2). The two
main populations of stars that can be identified are the unreddened MS stars (located
slightly to the right and below the orange synthetic track) and the locus of reddened
stars. We note that in the CCD there is an offset between the synthetic track and the
observed unreddened MS. This offset shows that the unreddened MS in this case is
nevertheless slightly reddened to about E(B   V )6 0.5.
Comparing the observed CCD and the unreddened synthetic track reveals that our
catalogue apparently contains no unreddened stars of early spectral types. The observed
unreddened MS population typically contains only stars of spectral type K0V or later.
Taking the absolute magnitude from Schmidt-Kaler (1982) and colour from Pecaut &
Mamajek (2013), and the colour transformation given by Jester et al. (2005), we find
that a K0V star observed at r0 = 17 (the typical saturation limit of the optical catalogue)
is located at a distance of  1 kpc. Unreddened stars with a spectral type earlier than
K0V (hence intrinsically brighter) and located within 1 kpc are saturated. The pho-
tometric observations of saturated sources are unreliable and we discard them in our
analysis.
We use the absolute magnitudes from Schmidt-Kaler (1982) together with the 3D
reddening map from Schultheis et al. (2014) at (l, b) = ( 2.8,  1.8) to estimate the
distance ranges for stars of different spectral types in our catalogue. The 3D reddening
map is converted to the r0-band following Schlegel et al. (1998). In Table 3.1 we show
the results for different spectral types. We use the distance modulus to estimate the
observable distance range as:
log d (pc) = 0:2 (r0  Mr0  Ar0 (d)+ 5) (3.6)
where Mr0 is the absolute magnitude, r0 the apparent (observed) magnitude and Ar0
the extinction in the r0-band obtained from the Schultheis et al. (2014) reddening map.
The results of this calculation are visualised in Figure 3.2. We assume that the satura-
tion limit of our catalogue is r0 = 17, and the limiting magnitude is r0 = 22.5 (marked by
dashed horizontal lines), giving rise to the ranges shown in Table 3.1. Using our syn-
thetic photometry, we can also infer the range of r0 – i0 colours which different spectral
types occupy in the CCD, assuming that E(r0 – i0) = 0.26Ar0 (Schlegel et al. 1998).
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Figure 3.1: The black points show the observed colours of sources on ﬁeld S01 (detector 2).
The dashed lines are the spectral sequences of unreddened MS stars from O5V to M5V, with
E(B   V )=0 and 1 for orange squares and blue triangles, respectively. The red diamonds show
colours of giants with spectral types ranging from O8III to M5III, reddened to E(B V )=2. The
green squares show the early A-type MS line, which indicates the lower limit for A0V MS stars in
the CCD. The arrow indicates the eﬀect of reddening E(B V )=1. The two outliers marked by
black stars around (0.1,0) are very blue compared to the other ﬁeld stars, making them potentially
interesting sources.
Sp. type Mr0 (r0 – i0)syn d (kpc) Ar0 (r0 – i0)obs
A0V 0.77 0 2.6 –5 4.4 –8.4 1.1 –2.2
G0V 4.26 0.39 1.3 –3.4 2.2 –5.7 1.0 –1.9
K0V 5.67 0.48 0.9 –2.8 1.5 –4.7 0.9 –1.7
M0V 11.72 0.96 0.5 –1.8 0.8 –3.0 1.2 –1.8
Table 3.1: Estimate of the distance range and observed colours of stars with diﬀerent spectral
types in ﬁeld S01 (detector 2).
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Figure 3.2: Estimated distance ranges for MS stars of diﬀerent spectral types present in the optical
GBS catalogue, assuming a saturation limit of r0=17 (upper horizontal dashed line) and a limiting
magnitude of r0=22.5 (lower horizontal dashed line). See Section 3.2.1 for details.
We conclude that the locus of reddened stars at r0 – i0 1.4 consists of reddened
MS stars with spectral type earlier than M0V. The objects located beyond r0 – i0 2 are
giants, as MS stars are too faint to be observable at those reddening values.
We briefly note that there are two outliers around (r0 – i0, r0 –H) = (0.1,0). As we
explained above, these can not be ordinary early-type MS stars because they would
appear saturated in our observations.
3.2.2 Spectroscopy
A 500 s spectrum of the optical counterpart to the X-ray source CX2 (Jonker et al.
2011) was taken on 2010 July 8 with the ESO Faint Object Spectrograph and Camera
(EFOSC2, Buzzoni et al. 1984) at the ESONew Technology Telescope (NTT).We used
grism #13 combined with a 1 arcsec slit, resulting in a spectral resolution of R 300
and a wavelength coverage ranging from 3700 – 9300Å. We debiased and corrected for
the CCD flatfield response, and wavelength calibration was performed using a HeAr arc
lamp.We normalised the spectrum by fitting cubic splines to the continuum inMOLLY.
3.3 Outlier identiﬁcation
We devised a selection method that results in the automatic identification of H emis-
sion and absorption line candidates and blue sources (all referred to as outliers). Our
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dataset consists of 1024 observations, observed on 8 nights, spanning a large range of
stellar densities, dust extinctions and photometric uncertainties. Hence it is unavoid-
able that any selection method will fail in some cases. We take a conservative approach
and prioritize minimising false positives over completeness. This implies that our cata-
logue will not be complete. Below we introduce the automatic identification algorithm
together with a list of criteria that must be fulfilled for the results to be deemed trustwor-
thy. CCDs that fail to meet these criteria have been rejected from automatic processing
and are instead inspected manually.
We set out to identify the outliers from themain features that are present in the CCD:
the unreddened MS and reddened sequence. We make a distinction between these two
features and fit them independently. We identify H emission line sources from both
the unreddened and reddened loci of objects. Additionally we identify absorption line
sources from the reddened locus, which should be located below the main population in
the CCD. Unreddened stars with strong absorption line features may overlap with more
reddened objects (and conversely H emitters from the reddened locus may overlap
with the unreddenedMS) and cannot be distinguished based on a CCD alone. Including
a colour-magnitude diagram in the analysis may help to break this degeneracy, but this
is beyond the scope of this work.
We perform the analysis (described in detail below) for two magnitude bins, one
including sources with r06 19.5 and one containing sources with r0> 19.5. The moti-
vation to use two magnitude bins is the fact that at fainter magnitudes, the photometric
uncertainties increase and hence the scatter of stars in the CCD also increases. If we
combine sources with small and large photometric errors in the same CCD, our se-
lection criteria will be dominated by the intrinsic scatter of the faint sources. This may
preclude us from identifying sources with small photometric uncertainties as significant
outliers. We use the value r0 = 19.5 because the peak of the distribution of magnitudes
in the r0-band typically occurs around this magnitude. It is approximately in the middle
between the saturation limit and the 5 detection limit, and roughly the completeness
limit of the optical catalogue (Wevers et al. 2016a).
3.3.1 Outliers from the unreddened MS
Wedefine unreddened objects as sources that haveE(B V )6 1 (i.e. all objects that lie
above the synthetic track withE(B V )= 1, see Fig. 3.1). As noted already in Witham
et al. (2006), fitting a straight line to this selection of objects may not converge onto
the observed unreddened MS. The solution proposed by these authors is to iteratively
force the fit upwards, and we do the same here. After an initial fit to all points with
E(B   V )6 1, we select the objects above the fitted line and iterate, forcing the fit up
towards the unreddened MS. In practice, the shape of the CCD is determined by the
detection limit of our observations, the stellar density and reddening along the line of
sight. CCDs along different lines of sight have a different shape depending on these
parameters, hence they require a different number of iterations for the fit to converge
onto the unreddened MS. To establish whether or not our fit represents the unreddened
MS, we calculate the slope of our fit in each iteration. If the slope of the fit is more
shallow than the slope of the synthetic track between spectral types K5V and M5V,
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we deem our fit unsatisfactory and apply an additional iteration (i.e. we force the fit
upward).We iterate for amaximumof 5 times; CCDs for which the fit has not converged
at that point will be inspected manually for outliers. We also place a constraint on the
r0 i0 colour of an unreddenedMS star, to distinguish those sources from reddened stars
with H in emission. These sources may occupy the same parameter space in the CCD.
However, r0 – i0 increases for later spectral types. We conservatively estimate from the
extent of the unreddened MS in our CCDs that the highest r0 – i0 colour an unreddened
late-type MS star can have is r0 – i0 = 3.5.
Oncewe have identified the unreddenedMS,we determine the iteratively 4-clipped
scatter around the fit. We define outliers as sources with an excess H emission con-
tribution, quantified as follows:
(r0   H)obs   (r0   H)fit > C 
q
2s + 
2
phot (3.7)
Here s represents the scatter of datapoints around the fit, and phot is the photometric
measurement error for the r0 –H colour index. C is a constant which we set to 4. An
example is shown in Figure 3.3. The resulting fit is overplotted as the upper solid line,
while the dashed lines indicate the 4 scatter. Note that this is only a mean representa-
tion of the scatter, as it differs for each individual measurement. As an illustration we
include the photometric uncertainties in r0 –H.
3.3.2 Outliers from the locus of reddened stars
For the next step, we remove all sources belonging to the unreddened MS (defined
as all datapoints that are within 4 of the final fit) and continue our analysis with the
remaining objects. If the slope of our fit after 5 iterations is still more shallow than that
of the synthetic photometry, we cannot identify the unreddened MS. In that case we
remove all points above the synthetic track with E(B   V )= 1, with the exception of
sources that have r0 – i0> 3.5 (as these cannot be part of the unreddened MS). We are
now left with a sample of reddened stars, and continue to identify outliers by fitting
a straight line to the remaining objects. As for the unreddened case, we determine the
iteratively 4-clipped scatter to obtain the best fit and the scatter around it. For sources
that are located below the locus of reddened objects (the absorption line sources) the
left hand side of Equation 3.7 changes to an absolute value. Moreover, sources that
have H in absorption will have a comparatively lower signal-to-noise ratio in the H
filter (see Section 6.4). It is expected that the scatter of these sources in the CCDwill be
larger than the typical scatter of the locus of stars. We therefore use a more conservative
value of C = 5 for the identification of absorption line candidates.
Visual inspection of the H absorption line candidates shows that we identify many
sources that fall partially off the detector when the H filter is mounted but not when
the r0 filter is present. This slight shift in the focal plane is likely introduced by the
different optical path the incoming light follows when the H filter is mounted. To
remove these spurious sources, we require that the source position is more than 20
pixels from the detector edges. Figure 3.3 shows an example of two CCDs for the
bright (panel a) and faint (panel b) magnitude bins. In particular panel b illustrates
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Figure 3.3: Panel a: CCD of all stars brighter than r06 19.5 on ﬁeld S20, detector 6. The red
solid lines indicate the ﬁts to the loci of stars; dashed lines indicate the 4 scatter around these
ﬁts. Black squares are identiﬁed as part of the unreddened MS, green diamonds belong to the
reddened locus of stars. Blue outliers are are plotted in blue, candidate H outliers as gold stars.
The reddening vector for E(B   V )=1 is shown as an arrow. Panel b: same, but for all stars
fainter than r0> 19.5.
the diversity of photometric measurement errors (even for stars in the same magnitude
bin), which can greatly influence outlier detection. The emission line candidate from the
unreddened MS is inside the mean 4 boundaries, but still a significant outlier because
of the very small photometric uncertainty. The emission line candidate at r0 – i0 = 3.8 is
also consistent with the expected locus of unreddened stars. However, the high r0 – i0
colour implies it cannot be an unreddened object, so we detect it as an outlier to the
locus of reddened sources.
3.3.3 Blue outliers
In Figure 3.3, the fit to the unreddened MS (the upper solid line) is satisfactory in
panel a, with a slope consistent with that of the unreddened MS synthetic photome-
try. There are two objects with very blue colours compared to the fields stars in the
diagram (marked by blue squares). However, we do not identify them as outliers be-
cause they fall within the limits of the 4 regions around our fitted lines. Because these
are potentially interesting sources, we use a different selection algorithm based on their
r0 – i0 colour.
We fit the distribution in r0 – i0 with a Gaussian mixture model using the Python
Machine Learning package sci-kit learn (Pedregosa et al. 2011). Based on the shape of
the histogram, which is typically single- or double-peaked, we consider twomodels, one
consisting of one Gaussian distribution and one consisting of the sum of two Gaussians.
We note that there is no reason to believe that the blue edge of this distribution should
follow a one-sided Gaussian distribution function. The shape of this colour distribution
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Figure 3.4: Panel a: normalised r0 – i0 colour distribution of all stars brighter than r06 19:5 on ﬁeld
S20, detector 6. The blue (dashed) and red (dash-dotted) lines show the Gaussian distributions;
the black solid line shows the sum of both components. The vertical dashed line shows the 5 limit
below which sources are ﬂagged as outliers. There are two outliers around r0 – i0=0.2, marked with
an arrow. Panel b: same as panel a, but for all stars fainter than r0> 19:5. No blue outliers are
identiﬁed.
is determined by many factors, including the stellar density and magnitude distribution
of stars along the line of sight, our survey detection limits and the effects of reddening.
Typically the blue edge of the distribution is sharper than Gaussian (Carmona-Ruiz
et al. in prep.), hence our approximation by a Gaussian distribution is a conservative
approach. We show a result of fitting two Gaussian distributions to the number of stars
as a function of their r0 – i0 colours in Figure 3.4 for the same field as in Figure 3.3. We
determine the width, height and peak position using an iterative maximum likelihood
estimate approach. Given the best fit parameters, we flag all sources more than 5 away
from the peak of the distribution as outliers (marked in the figure by the dashed vertical
line). In the case that the sum of two Gaussians works best, we select the blue (lowest
r0 – i0 peak position) Gaussian component to determine which sources are blue outliers.
3.3.4 Quality control
The methods that we employ to find outliers do not rely on any underlying physical
models that accurately predict the shapes or positions of the populations of sources
we are trying to describe. We have optimised our methods such that they work for the
majority of the frames, but visual inspection shows that in some cases our selection
procedures do not yield satisfactory results. We therefore visually inspect every CCD
to reject all anomalous frames.
First of all, there are 75 frames for which the slope of our fit after five iterations
is still more shallow than the slope of the synthetic track. As was mentioned earlier,
this can arise due to a combination of the stellar density and reddening along the line
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RA () Dec () r0 r0 i0 i0 H H r0 – i0 r0 –H
266.344818 –32.464782 19.15 0.02 16.81 0.01 18.08 0.02 2.34 1.07
266.251831 –32.328826 17.32 0.02 15.50 0.01 16.19 0.02 1.82 1.13
266.208557 –32.298542 19.01 0.02 17.00 0.01 18.05 0.02 2.01 0.96
266.442108 –32.151733 19.31 0.02 17.37 0.01 18.37 0.02 1.94 0.94
266.280395 –32.102737 17.96 0.02 16.71 0.01 16.80 0.02 1.25 1.16
Table 3.2: Example of the tables containing the information of the sources identiﬁed as outliers,
including the position, magnitudes and colours. The photometric measurements are quoted in Vega
magnitudes.
of sight together with our selection criteria for (un)reddened objects. In 9 cases the
iterative procedure reduced the number of stars available for the fit to only a handful.
Visual inspection shows that no outliers were missed in these frames. In the remaining
66 frames the upper part of the population in the CCD is well identified, even though
the slope is more shallow than our threshold value. The outliers we find in these frames
are robustly identified and included in the final sample.
Secondly, the presence of H II regions can affect the CCD by increasing the num-
ber of apparent H emission line sources due to increased non-homogeneous extended
emission. This is the case in fields S04 andN15. In Simbadwe findH II regions LBN1120
and LBN9 for S04 and N15, respectively. The CCDs of field S07 contain a very large
number of H emission and absorption line outliers. We find an open star cluster in this
field, containing many bright (V 6) stars that are saturated in our observations. We
attribute the large number of outliers to the presence of these bright stars, which cause
blooming of charge in the detectors that lead to false source detections and colours,
and/or erroneous matches (see Wevers et al. 2016a for a discussion about the effect of
saturated sources on e.g. source detection).
3.4 Results
3.4.1 Outlier populations
We find a total of 389 blue outliers, 336 absorption line candidates and 1337 emission
line candidates in our photometric catalogue. We show the magnitude and colour dis-
tributions of the emission and absorption line candidates in the left and right panels of
Figure 3.5, respectively. We identify 62 sources that are both blue and have signs of
excess H emission. We also find 3 sources that are blue and candidate H absorption
sources. The sample properties of the blue outliers are shown in Figure 3.6. The distri-
bution of emission line candidates, in particular the decrease of the number of outliers
in the bin 19.56 r06 20, is introduced by the division into two magnitude bins at that
r0 = 19.5. The increase of H emission line candidates up to r0 = 19.5 can be explained
by two effects: an increasing number of stars at fainter magnitudes, and an increased
occurrence of emission line sources at fainter magnitudes. For the fainter magnitude
bin, the intrinsic scatter of stars is much larger (due to the larger measurement errors),
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Figure 3.6: Same as Figure 3.5, but for the blue outliers.
leading to a reduction in the number of observed outliers compared to the bright bin.
Similarly, there is a large decrease in the number of absorption line candidates for
r0> 19.5. This can be understood as a combination of two effects. As mentioned above,
the increased scatter for faint stars decreases the number of outliers we identify. More-
over, absorption line candidates have a lower flux in the H filter, hence they are de-
tected with a lower signal-to-noise ratio compared to other sources with similar r0-band
magnitudes. This means that it is much harder to detect absorption line candidates at
fainter magnitudes, and results in a strong decrease in the number we can identify.
Table 3.2 shows an example of the information available for the outliers. The full
tables can be found in the online material, and will also be made available in electronic
form through the Vizier database (http://vizier.u-strasbg.fr).
3.4.2 Optical counterparts to X-ray sources
Now that we have identified the outlier candidates in the optical photometry, we cross-
correlate the sample with the GBS X-ray sources from Jonker et al. (2014). We use the
4 X-ray error circle, defined in Wevers et al. (2016a), as the crossmatching radius. We
find thirteen matches among the emission line candidates, while for the absorption line
candidates we find one potential counterparts and among the blue outliers we find two
matches. In Table 4.2 we present the optical counterparts.
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3.5 Discussion
3.5.1 Optical counterparts to X-ray sources
A significant fraction of the optical counterparts to X-ray sources found in this work
have already been classified. In this regard, of the thirteen emission line candidates,
seven have been previously studied and classified as CVs, three of which are magnetic
systems (Table 4.2). This is not surprising, since magnetic systems are known to have
a higher X-ray to optical flux ratio, so they can be detected at larger distances (in X-
rays) compared to non-magnetic CVs. In addition, two H emission line objects were
identified as dwarf novae, while the remaining two are a dwarf nova candidate and
either a CV or a qLMXB, respectively. One background AGN was identified as an H
absorption line candidate, and one blue outlier was classified as a high state AM CVn
system.
3.5.2 Multi-wavelength counterparts
A number of observing programs with arcsecond spatial resolution have imaged the
Galactic bulge, producing source catalogues which are potentially useful to further
constrain the nature of objects in our sample. Below, we give a brief overview of the
wavelength coverage and properties of some of these catalogues. A detailed study of
multi-wavelength crossmatches with our catalogues is beyond the scope of this paper.
At optical wavelengths, the OGLE survey (Udalski et al. 2015) has observed a large
part of the Galactic bulge during multiple observing seasons with a cadence on occasion
as short as 20 min, adding temporal information to our optical colours. In the near future
VPHAS+ (Drew et al. 2014) will complement our obervations by adding catalogues in
the u0, g0 and z0 bands, as well as temporal colour and astrometric information on a 10
year baseline. For some sources, proper motion measurements are available (e.g. Sumi
et al. 2004, Fedorov et al. 2009). Narrow-band He I 5875Å information is also available
from the UV EXcess survey (Groot et al. 2009). Other catalogues that overlap include
the XMM-Newton serendipitous UV survey catalogue (Page et al. 2012), while the
Vista Variables in the Via Lactea survey (Saito et al. 2012) and UKIDDS (Lucas et al.
2008) surveys can constrain the NIR part of the spectral energy distribution. Part of the
GBS footprint coincides with mid-IR catalogues such as the Spitzer Bulge catalogue
(Uttenthaler et al. 2010), the GLIMPSE catalogue (Spitzer Science 2009) and AllWISE
catalogues (Cutri & et al. 2014).
3.5.3 Colour-colour diagram of outliers
We discuss the CCD of all the outliers and the implications for the identification of
different source classes in the diagram. We show the position of all outliers in the CCD
in Figure 3.7. The emission line candidates are plotted as grey triangles, while blue
outliers are marked as blue circles and absorption line candidates are shown as green
diamonds. Counterparts to GBSX-ray sources are marked as red stars. The gap between
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emission and absorption line sources marks the global position of the locus of objects
in all GBS fields.
Emission line sources
We interpret the spread of the emission line candidates (in r0 –H) as two different
populations. The largest population consists of the outliers from the unreddened MS,
and constitutes the upper population of emitters. In addition to these, another track of
outliers at lower r0 –H with a shallower slope can be identified. These systems are
likely reddened stars with H in emission.
We expect the sources that have r0 – i0 6 1 and H in emission (the region of over-
lap between the blue outliers and emitters) to be good (non-magnetic) CV candidates.
At somewhat redder colours we expect other H excess sources such as intermedi-
ate polars (IPs) and (quiescent) LMXBs. For example, NS LMXBs and long period
BH LMXBs are more X-ray bright, hence they can be detected further out in X-rays
and their optical colours will be reddened by interstellar dust extinction. Intrinsically
more red objects such as flare stars, and other sources such as chromospherically ac-
tive (binary) stars and early-type emission line stars are also expected to be found as
H emitters. Planetary nebulae, whose spectrum is dominated by emission lines with
a low continuum contribution, should show up as very large H excess sources up to
the r0 –H = 3.3 limit.
Crossmatching these sources with the SIMBAD database yields a variety of sources
(Table 3.4), indicating that indeed our sample could span the whole range of stellar
evolution. We find, among others, two young stellar object candidates, five variable
stars, two asymptotic giant branch candidates and four systems containing a WD.
Blue sources
The population of blue outliers likely consists of systems containing a compact ob-
ject such as a white dwarf, neutron star or black hole. Nearby early-type MS stars are
saturated in our observations, hence they cannot populate the blue part of the CCD. Al-
though some outliers have bluer colours than field stars in the CCD, their colours are
not extremely blue. Themedian (r0 – i0) colour is 0.26, and because r0 – i0 increases with
distance (due to interstellar dust extinction) we expect the blue sources to be relatively
close to Earth. The differential reddening in the r0-band with respect to i0 is (r0 – i0)
= 0.26Ar0 (Schlegel et al. 1998), where Ar0 is the extinction in the r0-band (in mag).
Assuming an intrinsic colour of r0 – i0 = 0 (corresponding to an A0V spectral type, and
typical for a blackbody spectrum with T 10000 K), this implies a typical reddening
of Ar0  1 mag which in turn means that the source should be nearby . 1 kpc.
Blue outliers are identified up to r0 – i0 = 1, indicating that we are not just finding
foreground objects but also systems at distances where the dust extinction becomes
appreciable (Ar0  4 mag). For example, in some lines of sight with low extinction
background AGNmay be part of the blue outlier population. Some of the (dust) extinc-
tion may also be intrinsic to the system. Hot subluminous dwarfs (sdO/B stars) are also
expected to be found as blue outliers with respect to field stars. Typical hot subdwarf
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RA Declination Identifier Type
Emission line sources
266.780853 –25.958532 IRAS 17440-2556 Star
267.191925 –30.660831 [JBN2011] 982 X
265.390747 –28.676244 [SBM2001] 17 X
264.796936 –28.320230 BLG-RRLYR-24485 RR
266.366790 –26.984680 BLG-RRLYR-28521 RR
264.428741 –29.110717 BLG-RRLYR-23423 RR
264.406219 –28.798717 BLG-RRLYR-23355 RR
267.461700 –30.052959 G359.5197-01.3648 YSO?
266.377410 –31.789356 J17453058-3147218 YSO?
267.439086 –31.282707 [KW2003] 64 Em
267.468689 –30.550682 RPZM 42 PN
266.109680 –27.323917 [JBN2011] 81 DN
266.186645 –26.058403 [JBN2011] 93 CV
265.067108 –29.060564 J174009.1-284725 DQ
267.973144 –29.514860 J17515355-2930535 Mira
268.338531 –28.346456 J17532125-2820472 AGB?
266.039398 –27.536483 J17440945-2732112 AGB?
Absorption line sources
268.905029 –28.736925 BLG-RRLYR-32252 RR
266.671905 –25.780313 BLG-RRLYR-29043 RR
267.649688 –29.453142 BLG-LPV 64810 SRV
Blue sources
264.502564 –28.779535 BLG-RRLYR-23644 RR
268.614349 –28.834324 BLG-RRLYR-31830 RR
268.926148 –29.134855 BLG-RRLYR-32289 RR
266.124786 –27.344559 PBOZ 10 PN
Table 3.4: Source identiﬁcations from the SIMBAD database. We used a search radius of 2 arcsec
around the position of the optical source in question (H emission or absorption line or blue
outlier). The right ascension and declination of the GBS sources are given in decimal degrees.
Type gives the identiﬁcation: X stands for X-ray source, RR signiﬁes RR Lyrae star, DN means
dwarf nova, YSO? and AGB? indicate a young stellar object candidate and asymptotic giant branch
candidate, respectively. Em stands for emission line object, PN for planetary nebula, DQ for DQ
Her type CV, and SRV for semi-regular variable star.
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Figure 3.8: Continuum normalised EFOSC2 spectrum of CX2. The broad H emission line is the
only emission feature in the spectrum. Overplotted are the three ﬁlter proﬁles we have used in our
photometric search: r0 (left solid line), i0 (dash-dotted line) and H (dashed line).
stars fainter than g = 17 mag have distances exceeding 4 kpc (Geier et al. 2011), im-
plying that these blue objects could appear as some of the reddest of the blue outliers.
The sample of 62 blue outliers that are also identified as emission line candidates likely
consists of nearby CVs whose optical spectrum is dominated by the accretion disk, and
in addition PN are known to populate this part of colour space (e.g. Corradi et al. 2008).
Blue sources showing indications of strong H absorption (3 sources in our sample)
are likely H-dominated (DA)WDs, and as explained below, there could be some AGNs
among that sample. From Figure 3.7 it is clear that there are more blue sources that show
signs of excess H absorption, namely those sources with r0 –H6 0, but they were
not identified as absorption candidates by our algorithm (see Section 3.3).
Absorption line sources
Regarding the absorption line candidates, we expect them to include late-type stars and
variable stars such as Mira giants and asymptotic giant branch (AGB) stars. Late-type
stars can have strong ZrO absorption bands which coincide with the H filter (e.g.
Castelaz & Luttermoser 1997). This deficit of flux in the H filter relative to the r0-
band shifts the sources below the main locus of objects in the CCD.Wright et al. (2008)
investigated the nature of extremely red objects discovered in the IPHAS survey, and
found that they contain a large sample of C-rich and S-type AGB stars. Similarly, we
expect red sources (r0 – i0& 2.5) with an excess H absorption signature (r0 –H. 1)
to comprise C-rich and S-type AGB stars. The range of r0 –H colour index originates
in the relative strengths of different molecular absorption bands (in particular TiO, VO
and ZrO) for varying surface chemistries.
In addition to variable stars we expect another group of sources to populate this area
in the CCD. We illustrate this using CX2, which was classified as a Seyfert 1 (Sy1)
3.6 Summary 77
galaxy at a redshift of z = 0.0214 (Marti et al. 1998; Jonker et al. 2011; Maccarone
et al. 2012). In this work we have identified it as an H absorption line source, which
seems contradictory as Sy1 galaxies are known to have broad H emission lines in their
spectra. Figure 3.8 shows an EFOSC2 optical spectrum of CX2. Overplotted are the r0,
i0 and H filter profiles. The H emission line of CX2 has been redshifted outside of
the narrow H filter bandpass and instead falls in the r0 filter. Consequently, the source
is brighter in r0 relative to H, and falls in the region below the locus of sources in the
CCD.
An estimate of the redshift range for which this effect is at play can be obtained as
follows. The width of our H filter profile is 100Å. Assuming an H emission line
FWHM in a Seyfert 1 galaxy of  100Å (Winkler 1992), this effect will cause AGNs
with redshifts between z = 0.015 and z = 0.06 to potentially show up as absorption line
sources (the exact boundaries depending on the FWHM of the emission line). We thus
expect that part of the background AGN population with a strong H emission line
could show up in our photometric search as candidate absorption line sources. More
generally speaking, different subclasses of AGN exhibit multiple strong emission fea-
tures (e.g. H, [O II] 3727 and [O III] 5007) that, if at the right redshift, can fall into
the r0-band. This means that there are multiple redshift ranges, depending on which
strong emission features are present in the spectrum, where the source could appear as
an H absorption line object. Similarly, AGNs with the right redshift may show up as
H emission line objects due to emission lines other than H.
3.6 Summary
We use optical photometry in three filters (r0, i0 and H) to create (r0 – i0, r0 –H)
colour-colour diagrams of point sources in the Galactic Bulge Survey fields (Jonker
et al. 2011, 2014; Wevers et al. 2016a). The optical source catalogue reaches a mean 5
depth of r0 = 22.5, i0 = 21.1. The CCDs are used to systematically search for outliers in
colour space, specifically H emission and absorption line sources. We also use the r0–
i0 colour distribution to search for blue outliers with respect to field stars. We identify
1337 emission line candidates, 336 absorption line candidates, and 389 blue outliers in
the catalogue. These samples likely contain a plethora of sources, ranging from chromo-
spherically active stars, subluminous hot dwarfs, white dwarfs, CVs, planetary nebulae,
LMXBs and variable stars to background AGN. There is overlap between the blue and
emission line candidates in 62 objects, and 3 blue sources are identified as having excess
H absorption. We crossmatch our outlier samples with the catalogue of GBS X-ray
sources (Jonker et al. 2014), and find that sixteen outliers are counterparts to X-ray
sources. Ten of those were previously classified based on photometric and/or spectro-
scopic follow-up. Four emission line candidates are classified as (magnetic) CVs, two
as dwarf novae (and one DN candidate), and one system is a CV/qLMXB candidate.
One of the absorption line candidates is a background AGN, and one blue outlier was
classified as a high state AM CVn system. Spectroscopic observations of a represen-
tative sample of sources are needed to determine the completeness and sensitivity to
the EW of our method. Individual source classifications require spectroscopic observa-
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tions. The panchromatic coverage of the GBS area, including X-ray, UV, optical and
IR observations, can greatly facilitate a targetted search for specific source classes.
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Abstract
We present the classification of 26 optical counterparts to X-ray sources discovered in the Galac-
tic Bulge Survey. We use (time-resolved) photometric and spectroscopic observations to clas-
sify the X-ray sources based on their multi-wavelength properties. We find a variety of source
classes, spanning different phases of stellar/binary evolution. We classify CX21 as a quiescent
cataclysmic variable (CV) below the period gap, and CX118 as a high accretion rate (nova-like)
CV. CXB12 displays excess UV emission, and could contain a compact object with a giant star
companion, making it a candidate symbiotic binary or quiescent lowmass X-ray binary (although
other scenarios cannot be ruled out). CXB34 is a magnetic CV (polar) that shows photometric
evidence for a change in accretion state. The magnetic classification is based on the detection
of X-ray pulsations with a period of 81 2 min. CXB42 is identified as a young stellar ob-
ject, namely a weak-lined T Tauri star exhibiting (to date unexplained) UX Ori-like photometric
variability. The optical spectrum of CXB43 contains two (resolved) unidentified double-peaked
emission lines. No known scenario, such as an AGN or symbiotic binary, can easily explain its
characteristics. We additionally classify 20 objects as likely active stars based on optical spec-
troscopy, their X-ray to optical flux ratios and photometric variability. In 4 cases we identify the
sources as binary stars.
4.1 Introduction
The study of emission lines, and in particular hydrogen lines, provides a key source of
information about optical counterparts to X-ray sources. Matter falling into the deep po-
tential well of a compact object such as a white dwarf (WD), neutron star (NS) or black
hole (BH) becomes hot due to the release of potential energy. This leads to the emission
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of photons at UV and/or X-ray wavelengths. Such a radiation field can ionize the hydro-
gen atoms in the environment, leading to an H spectral feature at optical wavelengths.
The hydrogen rich material is usually confined to an accretion flow around the com-
pact object. H emission lines can originate from the optically thin outer part of the disk
(Williams 1980), or from the surface of the disk if there is temperature inversion due
to irradiation by the hot central object (Warner 1976). Absorption lines can potentially
arise from the compact object if it is a H-rich WD, or from an optically thick accretion
disk (e.g. Kiplinger 1978). Binary star systems with a WD, NS or BH component are
transient H emitters and can produce either emission or absorption lines, depending
on the specific conditions in the system. Alternatively to this mechanism, late type stars
produce transient H emission through collisional ionization of H atoms in their chro-
mospheres. Irradiation of the donor star by the compact object may also excite H atoms
and lead to H emission (Bassa et al. 2009; Rodríguez-Gil et al. 2015). On the other
hand, an H absorption line can be observed if the (typically late type) companion star
or WD in a cataclysmic variable (CV) system dominates the optical spectrum.
The properties of the H Balmer lines provide information about the system being
observed. For example, the presence of single and/or double-peaked lines allow us to
constrain geometrical properties (e.g. Horne &Marsh 1986), as well as the presence/ab-
sence of an accretion disc (Schwope et al. 2000; Ratti et al. 2012) and the nature of the
accreting object and/or companion star (Torres et al. 2014, Casares 2015, 2016).
The identification and study of X-ray sources strongly relies on identifying the cor-
rect UV, optical or IR counterpart. Once this counterpart is known, we can resort to
multiwavelength (time-resolved) photometric and spectroscopic observations to further
characterize and study the nature and evolution of the X-ray emitter.
The Galactic Bulge Survey (GBS; Jonker et al. 2011, 2014) is a combined X-ray,
optical and NIR survey of part of the Galactic Bulge. It avoids the very crowded regions
near the Galactic Centre, which are unfavourable for identifying the optical counterparts
because of the very high dust extinction (up to 30 mag in AV ).
The main science goals of the GBS are i) to measure (in a model independent way) the
masses of NSs and BHs to constrain their equation of state and formation channels, and
ii) to constrain the formation and evolution of low mass X-ray binaries (LMXBs), in
particular the nature and efficiency of the common envelope phase. As such the GBS
survey depth was chosen to optimize the number of discovered LMXBs over CVs.
Moreover, the Bulge was selected in particular because it still contains a large number
of sources (compared to the Galactic Centre) but avoids the high dust extinction, and
it is an excellent place to look for LMXBs as they are thought to be part of an old
stellar population. Evidently the 1640 X-ray sources discovered in the GBS belong to a
wide range of source classes (see e.g. Jonker et al. 2011 for quantitative estimates), and
studying them can provide insight into different (binary) stellar evolutionary phases.
The classification of subsets of GBS X-ray sources has been done based on photo-
metric information obtained from other wavelength regimes, such as the radio (Mac-
carone et al. 2012) or the NIR (Greiss et al. 2014). Udalski et al. (2012) and Hynes et al.
(2012) have focused their efforts on the brightest optical counterparts, while Britt et al.
(2014) used time-resolved optical observations to constrain the nature of X-ray sources.
Alternatively, X-ray source classification can be performed using spectroscopic ob-
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servations. For example, Torres et al. (2014) revealed a sample of accreting binaries in
H emission line selected sources. Britt et al. (2013) and Wu et al. (2015) also used
spectroscopic observations to reveal and classify accreting binaries. Several interest-
ing systems have already been identified in the GBS. For example, Ratti et al. (2013)
found a quiescent long orbital period CV, while Hynes et al. (2014) reported a candi-
date symbiotic X-ray binary associated with a carbon star. Britt et al. (2016) identified
a high-amplitude IR transient which they interpret as a young stellar object (YSO) with
an accretion disk instability event, and Wevers et al. (2016b) discovered a high state
AM CVn (compact double WD) system. These examples illustrate the large diversity
of (sometimes rare and peculiar) objects that are being discovered in the GBS.
In this work, we continue the effort of classifying GBS X-ray sources by com-
bining time-resolved photometry with optical spectroscopic observations and archival
multiwavelength data. In Sections 5.2, 4.3 and 4.4 we present respectively the optical
spectroscopy, photometry and X-ray data, and their processing for scientific analysis.
In Section 4.5 we discuss the classification of the X-ray sources, and we summarize in
Section 4.6.
4.2 Spectroscopic observations
We have obtained spectroscopic observations of a sample of optical counterparts to
unclassified X-ray sources. These sources, which are listed in Table 6.1, were chosen
using several selection criteria:
• photometrically selected H emitters or blue outliers
• optically bright (r06 18) or variable counterpart
• bright (H6 14) variable NIR counterpart
The H emitters and blue outliers with respect to field stars were selected by Wevers
et al. (2017) using (r0 – i0, r0 –H) colour-colour diagrams. The sources of which we
obtained spectroscopic observations are CX21, CX118, CX266, CX695 and CXB34.
In optically variable sources the visible light is potentially dominated by the accre-
tion flow. The presence of NIR variability could signal a system containing a compact
object where the optical light is dominated by the companion, but variable irradiation
of the donor causes the NIR variations (see e.g. Froning 1999).
The bright counterparts, either in the optical or NIR, are easily accessible for 8m
class telescopes even in poor weather conditions, and we will show that these contain
intriguing X-ray sources. Below we describe the instrumental setups used to perform
the observations (an overview is given in Table 6.1).
4.2.1 VLT/VIMOS
We have obtained spectroscopic observations using the VIsible MultiObject Spectro-
graph (VIMOS, Le Fèvre et al. 2003) mounted on VLT-UT3 (Melipal). The spectra
were obtained in MOS mode, using the medium resolution MR grism combined with
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the GG475 order sorting filter, providing data in the wavelength range between 4800
and 10000Å. Slits with a width of 1 arcsec were cut on the masks. The dispersion of the
spectra is 2.5Å pix 1 and the spectral resolution is R 600, corresponding to an instru-
mental FWHM resolution of 500 km s 1. We obtained two 875 s exposures of CX266.
In addition three flatfield exposures and a helium-argon lamp flat for wavelength cal-
ibration were acquired. The data were reduced, combined and extracted following the
steps in Torres et al. (2014).
4.2.2 VLT/FORS2
The visual and near UV FOcal Reducer and low dispersion Spectrograph (FORS2, Ap-
penzeller et al. 1998) is mounted on VLT-UT1 (Antu). We obtained a single long-slit
spectrum for CX118 on 2011 July 4 using the GRIS-600RI grism with a 1 arcsec slit.
The integration time was 2700 s. The wavelength covered for this setup ranges from
5500 – 8600Å, with a spectral resolution of R 1250 and a dispersion of 0.83Å pix 1.
Using the sky spectrum, we measure the instrumental FWHM resolution to be 240 km
s 1.
We also obtained spectroscopic observations of bright and/or optically variable
counterparts toX-ray sources. These targets were observed using theGRIS-600RI grism
with a 1:005 slit as a queue filler programme, but generally the observations are seeing-
limited (Table 6.1). The exposure times range from 5 s to 360 s. We observed the optical
counterparts of the X-ray sources CX1165, CXB8, CXB11, CXB12, CXB14, CXB41,
CXB42, CXB49, CXB123, CXB321, CXB332, CXB336, CXB352 and CXB405 using
this setup. The nominal instrumental FWHM resolution is 450 km s 1 (R 660), but
will be better in case of seeing-limited observing conditions.
Biases, flat fields and arc lamp frames were obtained as part of the standard ESO
calibration programme. The spectra are bias-subtracted, flatfield corrected and wave-
length calibrated using IRAF. Cosmic rays are removed using the lacos package (van
Dokkum et al. 2012) in IRAF.
4.2.3 VLT/X-shooter
Wealso obtained spectroscopic observations usingX-shooter (Vernet et al. 2011),mounted
on VLT-UT2 (Kueyen). The spectra were obtained as a queue filler programme. We
used a 1:005 slit, giving a standard resolution of R = 5400 in the visible arm (instrumen-
tal FWHM=56 km s 1). However, the spectra have higher resolution as they were all
taken in seeing-limited conditions. We obtained X-shooter spectra of the optical coun-
terparts to CX152, CX204, CX237, CX265, CX391, CX403 and CX695. In this work,
we present the ESO Phase 3 pipeline1 reduced spectra obtained with the visible arm of
the instrument.
1http://www.eso.org/observing/dfo/quality/XSHOOTER/pipeline
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4.2.4 SOAR/Goodman High Throughput spectrograph
CX21 was observed on 2012 May 24 using the Goodman high-resolution spectrograph
(Clemens et al. 2004) mounted on the Southern Astrophysical Research (SOAR) 4.1m
telescope. We used the 400 lines/mm grating in combination with a 1 arcsec slit, cov-
ering the wavelength range between 3000 and 7000Å. The exposure time of the ob-
servation was 1200 s. Using this configuration, the spectrum has a dispersion of 1Å
pix 1 and a spectral resolution of R 1150. The spectrum was debiased and flatfield
corrected, and a wavelength calibration was applied using HgAr arc lamp exposures;
these steps were performed using standard IRAF routines. Wemeasure the instrumental
FWHM resolution from the sky lines, and find that it is 260 km s 1.
4.2.5 Blanco/Hydra
CX118 was observed on 2008 July 1 with the Hydra multi-fiber instrument mounted
on the Victor M. Blanco telescope. We used a large fiber (2 arcsec diameter) in combi-
nation with the KPGL3 400 lines mm 1 grating to feed the instrument, which delivers
a resolution of R 1600 and a dispersion of 0.7Å pix 1. The wavelength covered is
3600 – 7400Å, and we integrated on source for 900 s. The spectrum was debiased and
a flatfield correction has been applied using IRAF routines tailored to the reduction of
Hydra data (dohydra). The sky spectrum was measured using dedicated fibers, placed
in empty fields on the sky. The wavelength calibration was performed using two He-
NeAr arc lamp exposures. The setup used yields an instrumental FHWM resolution of
190 km s 1.
4.2.6 GTC/OSIRIS
We observed CXB34 on 2016 August 4 using the Optical System for Imaging and low-
Intermediate-Resolution Integrated Spectroscopy (OSIRIS) mounted on the Gran Tele-
scopio Canarias (GTC).We obtained two 900 s long-slit spectra using the R1000R grism
with a 0:008 slit in 1:0005 seeing conditions. This grating delivers a dispersion of 2.62Å
pix 1 and a spectral resolution R 900. The data were reduced using standard IRAF
routines, and cosmic rays were removed using the lacos package. The instrumental
FWHM resolution is 340 km s 1, as measured from skylines.
After the standard spectroscopic data reduction steps, we normalize the spectra to the
continuum by fitting cubic splines inMOLLY. Emission and prominent absorption lines
and telluric features are masked to fit the continuum.We determine the equivalent width
(EW) and Gaussian full-width at half-maximum (FHWM) of the emission/absorption
lines using the splot task in IRAF. The uncertainties on these measurements are esti-
mated by determining the standard deviation of repeatmeasurements assuming different
continuum values. We correct the FWHM measurements for the effect of instrumental
broadening by subtracting the measured instrumental FWHM in quadrature. Finally,
finding charts of the sources that have more than 1 candidate counterpart within the
X-ray error region are provided in Appendix 4.6.
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4.3 Optical photometric observations
The southern part of the GBS footprint (e.g. fig. 1 in Wevers et al. 2016a) was observed
using the Dark Energy Camera (DECam; Abbott et al. 2012) mounted on the Victor M.
Blanco telescope. DECam uses a 62 CCD camera with 2048 4096 pixels per chip, a
pixel scale of 0:0027 pix 1 and a 2.2 square degree field of view.We obtained photometric
observations in the SDSS r0-band on 2013 June 10-11, with an average cadence of
 20 – 30 min, while the seeing conditions varied between 0:009 and 1:005 during the 2
nights. The observations comprised of 2 90 second images followed by 2 1 second
exposures to account for the faint and bright sources in the field, along with bias and
flat field images for calibration. The images were reduced with the NOAO DECam
pipeline2. The American Association of Variable Star Observers (AAVSO) Photometric
All-Sky Survey DR7 (APASS) was used to photometrically calibrate the images; the
average photometric uncertainty is 0.05 mag. We used between 3 – 5 comparison stars
in the field of view with uncertainties on the order of 0.001 magnitudes and propagated
the error for each data point. The full dataset will be published elsewhere (Johnson et
al. in prep.).
4.4 X-ray observations
4.4.1 CXB12
CXB12 was in the field of view of XMM–Newton on 2005, September 18. The source
position was about 6.50 away from the optical axis of the X-raymirrors. The observation
start time was 09:52 (UTC). We used the Scientific Analysis Software (SAS) version
15.0.1 for the data analysis. The on-source time is 31.8 ks but the net observing time is
13.5 ks for the EPIC PN detector and 22 ks for the MOS1 and MOS2 detectors after we
filtered out epochs of high background. The PN was operated in PrimeFullWindowEx-
tended while the MOS1 and MOS2 were operated in observing mode PrimeFullWin-
dow. All X-ray instruments were employed with the medium filter. In each of the three
X-ray detectors counts were extracted from a circular region with radius of 2000 centred
on the position of the optical source. Background counts were extracted from a circular
region of radius 10 located on the same CCD as the source. We merged the extracted
MOS1, MOS2 and PN spectra into one using the SAS task epicspeccombine.
4.4.2 CXB34
CXB34 was about 1.50 off-axis in an XMM–Newton observation that started at 06:15
(UTC) on 2014 August 31. We used the same SAS version indicated above for CXB12
for the data analysis. The on-source time is 31.9 ks but the net observing time is 26.8
ks for the EPIC PN detector and 31.3 ks for the MOS1 and MOS2 detectors after we
filtered out epochs of high background. The PN, MOS1, and MOS2 were operated in
PrimeFullWindowmode. All X-ray instruments were employed with the medium filter.
2http://ast.noao.edu/sites/default/files/NOAO_DHB_v2.2.pdf
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We extracted the source light curve from a circular region with radius 2000 centred on the
position of the optical counterpart. We corrected the arrival times of the X-ray photons
to the solar system barycenter using the SAS task barycen and the coordinates of the
optical source.
4.4.3 Improved X-ray source positions
Because the X-ray part of the GBS consists of shallow 2 ks Chandra ACIS–I observa-
tions, the positional accuracy of the X-ray detections can be improved if deeper Chandra
data are available for sources that were detected with only a few counts or far from the
optical axis of the telescope. This is useful in particular when multiple optical sources
are present within the X-ray error circle and it is unclear which object is the true op-
tical counterpart. We therefore search the Chandra archive for ACIS–I observations
overlapping with our sample of sources. When available, an analysis similar to the one
described in Jonker et al. (2011) is performed to process the X-ray observations, which
includes data processing with the CIAO software tools. We then use wavdetect to per-
form the source detection, and we follow Evans et al. (2010) to calculate the positional
uncertainties. The results of this analysis for the whole GBS area will be presented in a
separate article (Wetuski et al. in prep); for now we note that for our sample, it typically
yields similar results as the original analysis (Jonker et al. 2011, 2014). The exceptions
are CX266, CXB12 and CXB49, where we find improvements in the source localisa-
tion, which in turn helps to identify the correct optical counterpart and interpretation.
We will discuss these results in Sections 4.5.1, 4.5.1 and 4.5.2, respectively.
4.5 Discussion
Wenow turn our attention to the classification of theX-ray sources based on their optical
lightcurves, colours and spectrosocopic observations as well as their X-ray properties.
We will quote the number of detected X-ray photons detected in the 0.3 –- 8 keV band
during the discovery observations with Chandra (Jonker et al. 2011, 2014). Following
Jonker et al. (2011) we adopt a conversion factor from X-ray count rate in the 0.3 – 8
keV band to (rough but useful) unabsorbed fluxes in the 0.5 – 10 keV band. Assuming
a source spectrum with a power law with photon index  = 2 absorbed by a Galac-
tic hydrogen column density NH = 1022 cm 2, this conversion factor is 7.76  10 15
erg cm 2 s 1 photon 1. However, if we can constrain the E(B   V ) using optical
spectroscopy or the spectral energy distribution (SED), we will compute 0.5 – 10 keV
unabsorbed X-ray fluxes adopting a power lawmodel with = 2modified byNH, which
will be derived from the relationship in Bohlin et al. (1978):
NH = 5:8 1021  E(B   V ) cm 2: (4.1)
In some cases, the presence of diffuse interstellar bands (DIBs) can allow us to constrain
E(B   V ), because their EW correlates with the amount of interstellar extinction. In
particular, the DIBs at 5780 (Herbig 1993) and 6284 (Cordiner et al. 2011) are well-
known tracers of reddening, and are within the wavelength range of all our spectro-
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Figure 4.1: Continuum normalized SOAR spectrum of CX21. The H Balmer series are marked by
dashed lines, He i lines are marked by red solid lines. We identify the emission lines near 5200Å as
Fe ii multiplets 42 and 49 (dotted lines).
scopic observations. Alternatively, the interstellar Na I D doublet at 5890; 5895 can
also be used to constrain E(B   V ) (Munari & Zwitter 1997). We can also derive a
distance from the E(B   V ) values using 3D reddening maps. We use the optical ex-
tinction map by Green et al. (2015) when available; if not, we use the IR extinction map
by Schultheis et al. (2014). If both are available, we can compare the obtained distances
to estimate the error budget.
As an estimator for the optical flux we use the i0-band magnitudes, as they are less
sensitive to interstellar reddening than r0-band magnitudes. We calculate the ratio of
the X-ray to optical flux as
log

FX
Fopt

= log(FX) +
i0
2:5
+ 5:01 (4.2)
where –5.01 is the i0-band zeropoint. The i0-band measurements (Table 4.2) are taken
from Wevers et al. (2016a). For sources with only an r0-band magnitude available, we
use –5.37 as the zeropoint (Britt et al. 2014).
4.5.1 Individual sources
CX21 = CXOGBS J174133.7–284033, a likely short orbital period CV
We show the optical spectrum of CX21 in Figure 4.1. The H Balmer series can be seen
in emission up toH (dashed lines), together withHe I3964,4471,4921,5015,5876,6678
(solid lines in Figure 4.1). Themorphology of these lines is diverse, including single and
multi-peaked profiles. The Balmer lines decrease in EW with decreasing wavelength.
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For H, we measure an EW=136 5Å and an intrinsic FWHM of 893 5 km s 1.
The strongest He I line (5876) has EW=45 2Å and intrinsic FWHM=1170 20 km
s 1. In addition, emission at 5169 from the Fe II multiplet 42 is clearly detected with
EW=12.2 0.75Å as well as weaker emission due to Fe II multiplet 49 lines. Neither
He II4686 emission nor photospheric lines from the WD/donor star are obvious in the
data. No DIBs are detected. The interstellar Na doublet falls on the He I 5876 emis-
sion line. We establish EW6 0.2Å for the Na D2 5896 component, while we were
unable to set a limit for the Na D1 line due to its location in the steep part of the He I
line profile. The lack of interstellar features in the spectrum indicates that the source
is nearby. We constrain E(B   V )6 0.05 from the Na D2 EW using the calibration
of Munari & Zwitter (1997) and assuming a D2/D1 ratio of 2 (optically thin limit).
Thereby we also constrain NH6 3 1020 cm 2. Using the 3D reddening map from
Green et al. (2015), we derive an upper limit on the distance of 0.5 kpc. Chandra de-
tected 60 counts during the discovery observation, which yields an unabsorbed X-ray
flux of 4.5 10 13 erg cm 2 s 1, and hence LX 6 1031 erg s 1 for a distance of 500 pc.
The optical lightcurve of CX21 (Britt et al. 2014) shows strong (1 mag amplitude) flick-
ering on a time-scale of hours. We also find the IR counterpart, with J =17.28 0.05,
H = 16.85 0.1, K = 16.44 0.15 mag to be variable with an amplitude of  0.5 mag
in the UKIDDS Galactic Plane Survey (Lucas et al. 2008).
CX21 was classified as a CV with the optical light dominated by the accretion flow
in Britt et al. (2014) on the basis of the strong optical flickering and the hardness ratio
determined fromROSAT and Chandra observations. A disc dominated optical spectrum
lacking He II 4686 can be explained if this GBS source is a (dwarf nova) CV below
the period gap in quiescence. In this scenario, the contributions from the donor star and
WD to the optical light are strongly veiled by the accretion disc and the spectrum shows
strong H I and He I emission. In this regard, the emission line content in the spectrum
of CX21 resembles that of the SU UMa-type CVs UV Per, VY Aql and V1504 Cyg
(Thorstensen & Taylor 1997). The derived X-ray luminosity is also consistent with this
interpretation (Byckling et al. 2010). Finally, the combination of a large FWHM and
lack of orbital photometric modulation also suggests a short orbital period.
CX118 = CXOGBS J173850.2–284808, a nova-like CV
For CX118we have two epochs of spectroscopic data, taken on 2008 July 1 using Hydra
and on 2011 July 4 using FORS2 (Figure 4.2, top and bottom panels respectively).
The Hydra observation covers the spectral range 4100 – 6800. Both H and H
lines are found in emission and appear single-peaked.Wemeasure EWs and FWHMs of
19.4 0.2Å and 880 4 km s 1 for H and 9.6 0.6Å and 960 30 km s 1 for H.
Applying a correction for the instrumental broadening yields an intrinsic FWHM=859 4 km
s 1 for H and 941 30 km s 1 for H. Weaker He I 5876; 6678 emission lines
are present while there is evidence for the He II 4686 emission line (EW6 7Å). The
FORS2 observation covers the spectral range 5300 – 8600 where we again detect
single-peaked emission from H and He I 5876; 6678; 7065. The EW and intrinsic
FWHM of H are 16.98 0.15Å and 940 3 km s 1. Redward of He I 6678 we
observe strong absorption at 7773 due to O I which originates in the accretion flow
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Figure 4.2: Continuum normalized Hydra (top) and FORS2 (bottom) spectra of CX118. Besides
the prominent H Balmer emission lines (marked by dashed lines), there is evidence for He i emission
at  5575,6678 (solid lines) and He ii 4686Å (blue, dash-dotted line). Two lines of the Ca ii
triplet in emission are marked with green dash-dotted lines in the FORS2 spectrum. Dotted lines
at 7240,7773 originate in the accretion ﬂow (see text).
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(Friend et al. 1988). In addition, we detect broad emission at 7240 that we tentatively
identify as a blend of Fe II lines from multiplet 73 and O I. Neither the Hydra nor the
FORS2 spectra show signatures of photospheric lines from the donor star or a WD ac-
cretor. On the other hand, the data show the saturated interstellar Na D doublet as well
as prominent DIBs at 5780 and 6284 with EWs of 0.43 0.02Å and 1.51 0.02  Å,
respectively.
We obtain an E(B   V )= 0.8 and 1.3 mag from the relationship between redden-
ing and the EW for the 5780 and 6284 DIBs (Herbig 1993; Cordiner et al. 2011).
This yields distance estimates of 1.2 and 1.8 kpc using the 3D reddening map by Green
et al. (2015). The distance obtained from the IR reddening map by Schultheis et al.
(2014) is 6 2.5 kpc, therefore we estimate the uncertainty in the distance to be a fac-
tor of 2. Adopting E(B   V )= 0.8 we obtain NH 4.6 1021 cm 2. From the 17
Chandra counts we calculate an unabsorbed X-ray flux of 1.9 10 13 erg cm 2 s 1
and thereby an X-ray luminosity of LX = 3 1031 erg s 1 for a distance of 1.2 kpc or
LX = 1.4 1032 erg s 1 for a distance of 2.5 kpc.
The optical lightcurve of CX118 shows flickering with an amplitude of  0.6 mag
(Britt et al. 2014) that, together with our spectroscopy, shows that this GBS source
has an optical spectrum dominated by emission from the accretion flow. Using the un-
absorbed X-ray flux, FXFopt is 0.12. This is consistent with both a high accretion rate
(nova-like) CV and a magnetic CV (e.g. Britt et al. 2013), although it is lower than
for most magnetic CVs. This classification is also supported by the detection of He II
4686 emission. The broad single-peaked emission lines found in CX118 are typically
observed in nova-like variables. In this class of high accretion rate CVs, even eclipsing
systems do not show a double-peaked profile (see e.g. Dhillon et al. 1992, Rodríguez-
Gil et al. 2007a, 2007b). A magnetic CV scenario seems unlikely as the spectrum of
CX118 does not show line profiles composed of (at least) a narrow and a broad compo-
nent, the former originating in the irradiated donor star (e.g. Schwope & Mengel 1997,
Schwarz et al. 2005). These components can exhibit large radial velocities not observed
in our two epochs of spectroscopy. We thus classify CX118 as a nova-like CV system.
CX266 = CXOGBS J174620.7–314946, a chromospherically active star
The original X-ray error circle of CX266 (with radius 6:0049) contains two bright optical
sources, one of which is saturated in the i0-band photometry of Wevers et al. (2016a).
We designate this source A, while the other object, which was identified as a photomet-
ric H outlier in Wevers et al. (2017), is named source B. The re-analysis of deeper
Chandra observations resulted in a significantly better X-ray source localisation at co-
ordinates (, ) = (266.58649, –31.83014) with a 2:0049 error radius (see Appendix 4.6).
This reveals that source A is the true optical counterpart to CX266. Coincidentally,
source B was identified by Wevers et al. (2017) as an H emission line candidate.
The VIMOS spectra of both sources are shown in Figure 4.3. Source A displays a
weak H emission feature, for which wemeasure EW=2.2 0.1Å.Molecular absorp-
tion bands such as TiO6200 are visible in the spectrum, as well as the Ca II IR triplet,
indicating a late K spectral type. The presence or absence of DIBs at 5780; 6284
cannot be confirmed due to possible confusion with photospheric features at similar
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Figure 4.3: VIMOS spectra of CX266A and CX266B. Both sources show narrow H emission,
indicating chromospheric activity. The spectrum of source A is normalized to the continuum, while
that of source B is normalized at 7500Å. The latter displays molecular absorption bands redward
of 7000Å indicative of a late M star.
wavelengths. The X-ray to optical flux ratio of 0.005, together with the narrow emis-
sion lines, support a chromospherically active star interpretation.
We also present the spectrum of source B because it was identified as a photometric
outlier by Wevers et al. (2017). It shows strong H emission together with TiO, ZrO
and VO absorption bands in the red part of the spectrum. We measure an equivalent
width of the H emission line of EW=19.9 0.7Å. Comparing the spectrum by eye
to a series of templates, we infer a spectral type later thanM7, mainly based on the depth
of the TiO feature near 8400Å. The lack of DIBs and the absence of the Na I D doublet
in the optical spectrum indicate it is likely a dwarf star; if it were a giant, the distance
would be large enough to expect detectable signatures from the DIBs. A M7V dwarf
has an absolute V -band magnitude of 17.8 (Pecaut & Mamajek 2013), therefore given
that the source has r0 = 19.2 we infer a distance of 20 pc to source B (using the colour
transformation of Jester et al. 2005). The non-detection in the Chandra observations
implies an upper limit to the X-ray flux of  1 10 14 erg cm 2 s 1(Jonker et al.
2011), which provides an upper limit to the X-ray to optical flux ratio of 0.005. We thus
spectroscopically confirm the emission line nature of this object as a nearby active star.
CXB12 = CXOGBS J175233.2-293944, a candidate symbiotic binary/qLMXB
The optical (R-band) acquisition image of CXB12, taken with FORS2 (Figure 4.4),
shows an elongated intensity profile, suggesting that the source is a blend of 2 objects.
An interesting feature is the detection of an UV counterpart in the XMM serendipitous
UV source catalogue (Page et al. 2012), withVegamagnitudes ofUVW2 (2120) = 16.74 0.06,
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Figure 4.4: Finding chart of CXB12 in the R-band, and overlaid in solid circles the original (ma-
genta) and improved (red) X-ray source positions. The dashed blue circle represents the XMM-OM
source localisation.
UVM2(2310) = 17.17 0.05 andUVW1(2910) = 14.57 0.01mag. TheUV– optical
SED of CXB12 is shown in Figure 4.5. The UVM2 filter is located on the 2200Å ex-
tinction bump, which means that this is a lower limit for the intrinsic source brightness.
This explains the lower flux in that filter compared to the bluer UVW2 filter.
The original X-ray error circle of CXB12 has a radius of 1.16 arcsec (Jonker et al.
2014). The analysis of a deeper Chandra observation yields a better X-ray localisation
(, ) = (268.13885, –29.66250) with a 0:0067 error circle. The new source position is
consistent with the UV position, and pinpoints the X-ray source to the fainter compo-
nent of the optical blend. We perform PSF fitting on the FORS2R-band image to deter-
mine the flux ratio of the two optical components. We estimate that the brightness ratio
is about 2:1, with the fainter component of the blend being consistent with the X-ray and
UV positions. We use this brightness ratio to calculate the r0-band magnitude of the two
sources from the apparent brightness of the (unresolved) blend from the 1 s DECam im-
ages (Table 4.2). We estimate that r0faint = 12.35 0.1 mag and r0bright = 11.5 0.1 mag.
Because we were unaware of the blended nature of the optical counterpart, the
FORS2 spectrum of CXB12 was taken with the slit tilted to the parallactic angle. Un-
fortunately, the dispersion direction is parallel to the elongation of the blend, and the
optical spectrum is dominated by the bright source. From a visual comparison to tem-
plate stars, we infer a spectral type of early to mid-K.
Although the UV position is formally consistent with both components of the blend,
the observed SED cannot be fit with a single temperature blackbody model consistent
with a K-type star (with a typical temperature of T 4500K). We conclude that the
bright optical source is most likely an interloper and the UV and X-ray source are asso-
ciated to the faint component in the blend. We use the value of r0ctpart = 12.35 0.1 mag
to model the UV– optical part of the SED.
We only use UV and r0-band optical data in the SED, as all other archival data are
of insufficient image quality to resolve the two components. We fit single and two-
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component blackbody models reddened by the interstellar medium to the data using
a Monte Carlo approach, varying the temperature and reddening to find the best fit.
We do not perform synthetic photometry but rather compare the model fluxes directly
to the observations. This is justified because the aim is not to derive accurate stellar
parameters but to illustrate that a single blackbody model does not reproduce the ob-
served SED. The best-fitting model is a two-blackbody model, with a T 6900 700
K component and a hotter component of T 37000 15000 K. We infer a reddening
in the rangeE(B V ) 0.4 – 0.9 from the Monte Carlo trials, translating to NH = 2.3 –
5.2 1021 cm 2.
The publicly availableV-band lightcurve from theAll SkyAutomated Survey (ASAS,
Pojmanski 1997) is shown in Figure 4.6. We note that the blend is unresolved in these
observations. The typical cadence is 1 to a few days, and on these timescales there is
evidence of small scale variability with an amplitude of 0.2 mag. The error budget for
each measurement is  0.05 – 0.1 mag. There are significant drops in brightness (up to
1 mag) that could be interpreted as evidence for eclipses, but this cannot be firmly es-
tablished because of the low cadence. In our high cadence ( 20 min) DECam r0-band
lightcurve (with an error budget of  0.01 mag), spanning two nights, we do not see
eclipses nor low amplitude variability.
We fitted the extracted XMM–Newton spectrum of CXB12 using xspec version
12.9.0n (Arnaud 1996). Due to the low number of source counts (659), we performed
fits with both2 andCash statistics (Cash 1979).We focus on chi-squared results below,
but the C-statistic results were consistent. We binned the PN spectrum with 25 counts
per bin, and the merged MOS spectrum with 20 counts per bin. We ignored data above
10 keV, and allowed a (small) constant offset between the PN and MOS spectra.
An absorbed power law gives an adequate description (reduced 2 = 1.3 for 26 de-
grees of freedom (d.o.f.), null hypothesis probability of 13 per cent) of the spectrum,
with a plausible NH = 4.9 1021 cm 2. We note that some structure remains in the
residuals of this fit, and the slope of the power law is high (3.0 0.5). More extensive
modelling of the X-ray spectrum is presented in Appendix 4.6, but no firm conclusions
can be drawn from these fits. We do note that the inferred flux does not change by more
than  25 per cent between different models.
The unabsorbed 0.5 – 10 keV flux from the XMM–Newton observation, assuming
the power law fit, is FX = 2 10 13 erg cm 2 s 1, while the unabsorbed X-ray flux in-
ferred from the Chandra observation in the same energy range is 4.3 10 13 erg cm 2
s 1. The X-ray detections by XMM-Newton and Chandra were dated on 2005 Septem-
ber 18 and 2011 November 2, respectively, suggesting that the source is a persistent
X-ray emitter. We convert the interstellar reddening estimates obtained from the SED
into a distance range of 1.5 – 4 kpc to CXB12 using the 3D reddening map by Green
et al. (2015). Alternatively, using the IR reddening map by Schultheis et al. (2014) re-
sults in a distance of 2 – 4 kpc. This implies that the absolute magnitude of the optical
source, with r0 = 12.35 mag, is in the range –0.5 to –3.5 (corrected for reddening), in-
dicative of a giant star. If we convert the extinction obtained from the IR reddening map
in the K-band from Schultheis et al. (2014) to 2175Å assuming the extinction law of
Cardelli et al. (1989), we find the extinction at 2175Å to range between 3.5 mag for 2
kpc and 7.8 mag for 4 kpc.
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Figure 4.6: Top: V-band lightcurve of CXB12 from ASAS. The middle panel zooms in on the po-
tential eclipses around HJD=2453580. Most potential eclipses consist of single datapoint outliers.
Bottom: DECam r0-band lightcurve. No outliers are observed, suggesting they are either spurious
datapoints or were missed due to the short time coverage.
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Assuming a distance to CXB12 of 2 kpc with the power law fit yields an un-
absorbed X-ray luminosity of LX = 9 1031 erg s 1. Alternatively, using the X-ray
flux obtained from the Chandra observation yields an unabsorbed X-ray luminosity
of LX = 2 1032 erg s 1. From the UVW2 measurement we infer an absorbed UV
luminosity of LUV  1033 erg s 1. An extinction of 3.5 mag implies that the intrin-
sic flux is 25 times higher than the observed one, which yields an UV luminosity of
LUV = 2.5 1034 erg s 1 at 2 kpc.
CXB12 is an X-ray source located in a relatively unobscured line of sight, at a dis-
tance of 2 – 4 kpc. A bright interloper is located less than 1 arcsec from the multiwave-
length counterpart. The observed SED shows excess emission in the UV, suggesting the
presence of a hot, compact object in addition to a cool component. We derive an abso-
lute magnitude for the optical counterpart of the order Mr0 = –1 (assuming the distance
inferred from the SED spectral fitting), indicative of a giant companion.
The presence of anUV excess combinedwith a giant companion leaves open several
possibilities regarding the nature of CXB12, including an RS CVn system, a symbiotic
binary or a (q)LMXB. Given the temperature of the hot component we obtain from the
SED fitting (T 37000 15000 K), we can rule out an RS CVn scenario as the class
definition requires the presence of an F–G type star. The minimum inferred temperature
for the hot component, taking into account the error budget, is 22000 K, which would
correspond to a B spectral type. In addition, the luminosity inferred from the Chandra
observation is a factor 2 higher than typically found in RS CVn (e.g. Dempsey et al.
1993a find X-ray luminosities up to 7 1031 erg s 1). The high UV luminosity is also
hard to explain in this scenario.
On the other hand, a compact remnant such as a WD or NS are compatible with
the SED fitting results. The X-ray and UV luminosity are consistent with a long period
CV in orbit with a giant companion (symbiotic binary) in quiescence. In this respect,
the absence of photometric optical variability is unusual but not unheard of if the donor
dominates the optical light (e.g. Mukai et al. 2016, Sokoloski et al. 2017). Finally, the
system properties could also be explained in a quiescent LMXB scenario given the X-
ray and UV luminosities. In this case, the absence of photometric variability could be
explained by the companion dominating the optical light.
We conclude that based on the available observations, we cannot establish a firm
classification for CXB12. Follow-up observations of this intriguing object are required
to confirm the nature of the system.
CXB34 = CXOGBS J174728.9–321441, a state-changing polar
CXB34 stands out as a blue outlier to field stars in an optical colour-colour diagram
(Wevers et al. 2017).We show the averagedGTC spectrum in Figure 4.7. Single-peaked
emission lines are visible, in particular H and He I  5876,6678,7065. We measure
an H EW=48.36 0.42Å and intrinsic FWHM=873 11 km s 1. H is followed
in strength by He I  5876 with EW=13.5 0.8Å and (intrinsic) FWHM=786 17
km s 1. H Paschen lines P15 8545 up to P 9546 are also observed in emission,
with P 9229 being the strongest (EW=25 2Å). We also detect He II emission at
5412 for which we measure an EW=3.2 0.3Å and an intrinsic FWHM=937 8
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Figure 4.7: Continuum normalized OSIRIS spectrum of CXB34. H is marked by a dashed line,
while He i lines are marked by solid lines. H Paschen transitions are identiﬁed by dotted lines, and
the dash-dotted line is He ii 5412.
km s 1. We do not detect absorption features from a WD or late type donor star. No
DIBs are visible in the spectrum. The Na D interstellar doublet is partially blended with
He I 5876. We constrain the EW of the Na D2 line to be 6 0.3Å.
The OGLE survey lightcurve (Udalski et al. 2015) of CXB34, shown in Figure 4.8,
reveals that the system changes between a low state (around I = 21 mag) and a high
state around I = 19 mag. Strong optical flickering with an amplitude  1 mag, as well
as several short brightening episodes are also observed. The spectra were taken in the
high state (as measured from the acquisition image).
As for CX21 (Section 4.5.1), we use the Na D2 EW to estimate a reddeningE(B 
V )6 0.05 and thereby NH to be less than 3 1020 cm 2. In addition, we constrain the
distance to CXB34 using the limit on E(B   V ), the 3D reddening map by Schultheis
et al. (2014) and the transformations in Schlegel et al. (1998). We find that the source
should be less than 0.5 kpc from Earth. From the 16 counts detected with Chandra
we derive an unabsorbed X-ray flux of FX = 1.3 10 13 erg cm 2 s 1. The X-ray
luminosity is therefore LX 6 4 1030 erg s 1 for a distance of 6 500 pc.
The photometric and spectroscopic characteristics of CXB34 imply that the optical
light is most likely fully dominated by the accretion flow. Transitions between a faint
and bright optical state ( 2 mag amplitude or larger) are observed in certain types
of CVs, specifically some non-magnetic nova-likes (so-called VY Scl stars) and the
strongly magnetic polars (Honeycutt & Kafka 2004; Kafka & Honeycutt 2005). FXFopt
in CXB34 ranges between 3.3 at minimum light to 0.5 at maximum brightness, consis-
tent with both interpretations (Britt et al. 2013). However, the presence of He II 5412
suggest it is most likely a magnetic (polar) CV (Warner 1995). We also note that the
absolute magnitude (MI = 10.2 at 500 pc) expected for CXB34 at its observed maxi-
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Figure 4.8: OGLE lightcurve of CXB34. Strong ﬂickering  1 mag as well as a change from an
optically faint to bright state are observed.
mum brightness is low for a nova-like (e.g. fig. 4.16 in Warner 1995), while the low
X-ray luminosity is consistent with a faint magnetic CV (e.g. Cool et al. 1993; Grind-
lay et al. 1995; Watson et al. 2016). We also remark that an amplitude difference of 2
mag, although small, could be consistent with a DN outburst in a long period CV or
an IP. To unambiguously determine the nature of this system, we turn to the archival
XMM–Newton observation. We show the EPIC-PN lightcurve, binned in 500 s seg-
ments, in the left panel of Figure 4.9. It shows periodically modulated brightness varia-
tions which we interpret as X-ray pulsations. A Lomb-Scargle periodogram is shown in
Figure 4.10. We find the strongest peak at a period of 81 2 min, although we caution
that the data only covers 6 cycles. Longer X-ray observations should be obtained to
confirm this result. The peak around 40.5 min is a harmonic of the aforementioned pe-
riodicity. An 81 minute orbital/spin period is in line with that observed in synchronous
(polar) CVs (Norton et al. 2004). While a few transitional objects (asynchronous polars
or synchronous IPs) have Pspin 4900 s, these systems are rare (e.g. fig. 1 in Norton
et al. 2004). Regarding common IPs, none are observed to have such a long spin period.
If the periodicity is interpreted as the orbital period of an IP, we would expect to see
power in the periodogram revealing the spin period at  8 minutes. We also note that
the tentative orbital period coincides with the period minimum for CVs (Gänsicke et al.
2009), indicating that the system is close to or beyond period bounce.
We classify CXB34 as a synchronous magnetic CV belonging to the AM Her sub-
class (polar) based on the X-ray periodicity. The detection of a change between a low
and high accretion states has been reported in other AM Her binaries, e.g. in MR Ser
(Porb 113 min, Schwope et al. 1993), Bl Hydri (Porb 113 min, Schwope et al. 1995)
and PT Per (Porb 82 min, Watson et al. 2016).
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Figure 4.9: XMM EPIC-PN lightcurve of CXB34, binned into 500s segments. The signal is shown
in red, the errors in black. A periodically modulated signal is observed with a period of  5 ks.
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Figure 4.10: Lomb-Scargle periodogram of the lightcurve shown in the top panel. The peak with
the most power is located at P=81 2 minutes (approximately 4900 s).
CXB42 = CXOGBS J175332.6–294648: a weak-lined T Tauri star with UX Ori-
like variability
CXB42 is associatedwith a bright optical (I = 12.4) and IR (J = 10.69 0.02, H = 9.86 0.03,
K = 9.27 0.02) counterpart.We have obtained an optical spectrumwith FORS2, which
we show in Figure 4.11. The spectrum shows unresolvedH emissionwith EW=2.4 0.1Å.
The Ca + Fe blend at 6495 and the TiO band at 6200 are also visible, pointing towards
a mid K spectral type (adopted from a visual comparison to template stars). We compile
all the photometric measurements available in the literature and create the SED, shown
in Figure 4.12. We note that the photometry was not taken simultaneously and variabil-
ity may influence the measurements. We fit a blackbody to the observed SED without
applying a reddening correction, and find that a temperature of T = 2000 K best fits
the data. Assuming this blackbody represents the reddened stellar contribution (which
can explain why the temperature does not seem to agree with the spectral type inferred
from the spectrum), we also deduce the presence of an IR excess component starting in
the KS-band and a potential blue excess. The u0-band detection implies that the source
is relatively close to Earth. We fit the slope of the 2 – 22 m IR excess (shown as the
dashed line in Figure 4.12) and find  = –1.4. Chandra detected 15 counts in the GBS
observations, yielding an absorbed X-ray flux of FX = 1.2 10 13 erg cm 2 s 1.
We present the OGLE I-band lightcurve in Figure 4.13. The data span 12 bulge
observing seasons, and the lightcurve shows deep, irregularly spaced dips of up to 1.6
mag in amplitude (75 per cent of the stellar light). Lower amplitude variations of the
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Figure 4.11: FORS2 spectrum of the optical counterpart to CXB42. We have marked typical stellar
features as well as the position of H with dashed and dotted lines, respectively.
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mean magnitude from season to season are also obvious. In the right panel of Figure
4.13 we zoom into a high cadence part of the lightcurve for this object. The observed
dimming event is smooth and symmetric, lasting for about 9 days; more erratic vari-
ability is also visible. A LS periodogram of the lightcurve is presented in Figure 4.14.
Besides the narrow peak at 1 c/d, which is introduced by the sampling of the lightcurve,
there are several peaks at frequencies that are integer multiples of f1 0.026 c/d or 38
days. The two peaks at 2 f1 and 3 f1 are most likely harmonics of the dominant period-
icity, which is a sign of non sinusoidal periodic variations. The broadness of the peaks
in the periodogram indicates that the variations are quasi-periodic. The power at lower
frequencies is likely related to the long term variations in the lightcurve.
The IR counterpart to CXB42 was identified as a YSO candidate by Marton et al.
(2016) on the basis of the IR colours. Here we confirm the YSO nature of this ob-
ject based on spectroscopic and photometric observations. First, Marton et al. (2016)
showed that the IRAC IR colours are consistent with those of class II YSOs (Herbig
1989) according to Robitaille et al. (2008). Second, the IR part of the SED follows
a power-law with a slope between 2 – 22m of  = –1.4, roughly consistent with the
class II definition of Greene et al. (1994). Finally, the estimated spectral type, com-
bined with the low measured EW of the H emission line (EW=–2.4Å) are consistent
with a weak-lined T Tauri star (WTTS, usually defined as having K1 or later spectral
type and EW(H)6 10Å, Herbst & Shevchenko 1999). The X-ray detection of the
system is also consistent with a WTTS interpretation (Telleschi et al. 2007). The X-ray
emission is thought to be produced in the chromosphere of the pre-main sequence star
(Kastner et al. 2004).
The occurrence of frequent deep, irregular dips in the lightcurve suggest that the
extinction occurs in the circumstellar rather than the interstellar medium. This kind of
variability is typical for UX Ori-like variable stars (see Grinin et al. 1998 for example
lightcurves). However, the nature of the irregular dips is not completely understood.
One possible explanation is that they are due to clumpy circumstellar material in the
proto-planetary disc passing through our line of sight (Herbst 2012). Other models in-
fer variable accretion, in combination with warped or misaligned discs to explain the
variability (Kesseli et al. 2016). In this scenario, the quasi-periodicities found in the pe-
riodogram could be related to the orbital or precession period of the material in the disk,
although the exact nature remains unclear. UX Ori-like variability has so far been ob-
served in early and classical T Tauri stars (see Herbst et al. 1994 for a definition), which
are still in their main accretion phase. In contrast, WTTS are generally thought to have
very low residual accretion rates (as indicated by the weak H emission), i.e. they are
in a more evolved stage of their pre-main sequence evolution. Herbst & Shevchenko
(1999) have claimed that UX Ori-like variability only occurs in early type YSOs; how-
ever, Lada et al. (2006) find that 10 per cent of WTTS are surrounded by an optically
thick disc. Ansdell et al. (2016) found a dozen UX Ori-like systems using Kepler data,
some of which are spectroscopically consistent with WTTSs.
We remark that CXB42 bears striking resemblances to the T Tauri UX Ori-like sys-
tem RZ Psc (Hoffmeister 1931). The presence of an IR excess, the photometric variabil-
ity and the X-ray emission are all similar between the two objects. For RZ Psc, which is
well characterized but not well understood (Grinin et al. 2010), several scenarios have
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Figure 4.13: Left: OGLE lightcurve of CXB42. The error bars are smaller than the data points.
Deep, irregular dips are observed, as well as a seasonal variation of the mean magnitude of the
system. The latter feature is typical for lightcurves in UX Ori like systems. Right: zoom of a densely
sampled region of the lightcurve.
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Figure 4.14: Lomb-Scargle periodogram of the lightcurve of CXB42. There is a quasi-periodic
signal at f1=0.026 c/d; harmonics of this periodicity are also visible and marked. The power at
lower frequency is likely associated to the long term variations in the lightcurve. The narrow peak
at 1 c/d is introduced by the sampling.
been put forward to explain the photometric variability. These range from the presence
of an asteroid belt (de Wit et al. 2013) to magnetic propeller effects (Grinin et al. 2015)
or disc-magnetosphere interactions (Shulman 2015). Despite the large amount of avail-
able data, no theoretical framework is at present able to unambiguously identify the
geometry of the system, nor the origin of the photometric variability.
In conclusion, we classify CXB42 as an analog to the post UX Ori system RZ Psc.
An in-depth observational study of CXB42, including high-resolution spectroscopy,
spectropolarimetry and multi band lightcurves may allow for progress in understanding
the UX Ori phenomenon.
CXB43 = CXOGBS J175039.6–302056, unknown nature
The optical counterpart to CXB43was detected byWevers et al. (2016a) at r0 = 18.500.05,
i0 = 16.59 0.05 and H = 17.62 0.05. The acquisition image of the spectroscopic
observation, taken in 0.6 arcsec conditions, reveals that the source could be a blend
of two objects. We show the spectrum, obtained with FORS2 on 2016 April 4, in Fig-
ure 4.15 and the DECam lightcurve, obtained on 2013 June 11 and 12, in Figure 4.16.
The source was detected at r0 = 17.45 mag in the DECam images, 0.85 mag brighter
than the earlier detection (in 2006) presented by Wevers et al. (2016a). This indicates
that the source is optically variable, although we caution that it is unresolved in the DE-
Cam data and we cannot completely rule out that another source is causing the apparent
variability if it is blended. Assuming the variability is related to the X-ray counterpart,
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Figure 4.15: FORS2 spectrum of the optical counterpart to CXB43. We have marked typical stellar
features as well as the position of H with dashed and solid lines, respectively. The inset shows a
zoom of the region containing the two double-peaked emission lines.
the presence of flickering with an amplitude of  0.2 mag in the DECam data sug-
gests a significant contribution from the accretion flow to the optical light. However,
the FORS2 spectrum lacks H or He emission lines (Figure 4.15). We identify Ca I and
blended Fe I absorption lines in the data. The strong Na ID (EW=8.5 0.2 Å) absorp-
tion feature likely has two contributions, from the companion star and the interstellar
medium.We also see two (double-peaked) emission lines at 6049,6072. We measure
EWs of 1.5 0.3 Å for the 6049 feature and 2.4 0.2 Å for the 6072 feature. We
also measure a FWHM=448 35 km s 1 and 566 63 km s 1 respectively. We de-
termine a FWHM spectral resolution of150 km s 1 at H using skylines, indicating
that these lines are resolved. We carefully checked that no artefacts or cosmic rays are
present in the raw 2D spectra. We caution that we used a wide slit (1.5 arcsec) in 0.6
arcsec seeing conditions, so the line positions may be affected by centroiding issues if
the source was not well centred. However, we inspected the through-slit images and do
not find evidence for this.
To constrain the distance to the system, we measure the EW of the DIB at 6284 as
1.6 0.2 Å. The DIB at 5780 is blended with a stellar absorption line and hence not
suitable for a distance determination. Based on the measured EW of the DIB at 6284
we derive anE(B V )= 1.4 using Cordiner et al. (2011), which converts to a distance
of 5.5 kpc using the reddening map of Schultheis et al. (2014). This distance estimate
is consistent with the absolute magnitude of a late K giant companion at that distance,
considering a reddening of Ar0 = 4 mag. An IR counterpart is indeed detected in the
UKIDDS Galactic Plane Survey at J = 13.53, H = 12.42, KS = 12.06 mag. At a distance
of 5.5 kpc, the observed KS-band magnitude implies an absolute magnitude of MK = –
0.3, again consistent with a late K giant. The source is variable in the KS-band with an
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Figure 4.16: DECam lightcurve of CXB43, spanning 2 nights. Flickering with amplitude  0.2 mag
is visible.
amplitude of  0.2 mag (Lucas et al. 2008).
The 15 counts detected byChandra imply an unabsorbedX-ray flux of FX = 2 10 13
erg cm 2 s 1 (assuming NH = 8 1021 cm 2). At 5.5 kpc this gives an intrinsic X-
ray luminosity of LX = 7 1032 erg s 1. From the i0-band magnitude in Wevers et al.
(2016a) we derive FXFopt = 0.05 at minimum light.
Regarding the interpretation of this source, we advance two possibilities. Firstly,
the system properties are consistent with a symbiotic binary scenario in quiescence.
The absence of nebular emission lines in the optical spectrum is not uncommon among
quiescent symbiotic systems (Hynes et al. 2014; Mukai et al. 2016). The two emission
lines cannot be easily explained in this scenario.
Alternatively, we have tried to identify the two emission lines in an AGN sce-
nario. There are pairs of emission lines with a similar ( 23Å) separation, e.g. O III
4932; 4960 or H and O III 4364, that could be redshifted and thus explain their
presence in the optical spectrum originating in a background AGN. However, we are
not able to identify more emission and/or absorption lines assuming these identifica-
tions and the implied redshifts. Moreover the lines mentioned above, when originating
from an AGN, are not double-peaked, making this scenario unlikely.
We conclude that an AGN scenario can be ruled out, but follow-up observations
are needed to verify the nature of the unidentified emission lines and establish a firm
identification of CXB43.
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4.5.2 Active single and binary stars
In addition to the systems classified above, we have also identified 18 active single/bi-
nary stars. We present the FORS2 spectra in Figure 4.18 and the visible arm of the X-
shooter spectra in Figure 4.17. Some spectra show signs of H in emission (CX204,
CX265, CX695, CXB41, CXB49), while other sources show narrow (photospheric) H
absorption. The X-ray to optical flux ratio of these sources ranges between 0.001 – 0.01
(Table 4.2), consistent with the proposed active star interpretation.
We inspect the region around the Calcium triplet at 8498; 8542; 8662 in the X-
shooter spectra, and find that 4 sources (CX204, CX237, CX391 and CX695) display
double-peaked and/or asymmetric absorption line profiles. Periodicity information for
these 4 sources is available from the literature (Table 4.2). We thus classify these sys-
tems as active binary stars.
Regarding CXB49, we resolve two optical sources in the acquisition image. Using
the improved X-ray position of CXB49 at (, ) = (267.37037, –31.30674), with an
uncertainty of 0:0073, CXB49 is thus classified as an active star. We refer to Appendix
4.6 for a detailed finding chart of this system.
Finally, the spectra of CXB11 and CXB405 do not display H emission nor ab-
sorption as is generally expected for G/K type stars (as their spectra suggest). The lack
of a stellar H absorption feature can be explained if it is filled in by H emission due
to chromospheric activity. The X-ray to optical flux ratios of 0.002 for both CXB11 and
CXB405 are consistent with this interpretation. An alternative, but less likely explana-
tion for the absence of the H spectral feature is that these systems contain a compact
object but the optical light is dominated by the companion star. In this scenario, H
emission originating in the accretion disc fills in the absorption line from the donor star
(see e.g. Wu et al. 2015).
4.5 Discussion 109
6000 6500 7000 7500 8000 8500
Wavelength ( )
1
2
3
4
5
6
7
8
Fl
u
x
 (
n
o
rm
a
lis
e
d
)
N
a
 I
C
a
 I
b
l.
H
α Ca II triplet⊕⊕
CX695
CX152
CX204
CX237
CX265
CX391
CX403
Figure 4.17: X-shooter spectra of bright optical counterparts to X-ray sources. We omitted the
bluest part of the CX695 spectrum because of the low SNR.
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4.6 Summary
We combine optical time-resolved photometric and spectroscopic observations with
archival multiwavelength data to classify 26 GBSX-ray sources. Our sample contains 4
photometrically selected H emitters and 1 blue outlier compared to field stars (Wevers
et al. 2017). Regarding these outliers, we classify CX21 as a quiescent short orbital
period CV and CX118 as a nova-like CV. CXB34 is a magnetic CV (polar) with verified
X-ray pulsations showing a change in accretion state, while CX266 and CX695 are
chromospherically active stars. We confirm the presence of H emission in the spectra
of all the photometrically selected H emission line sources fromWevers et al. (2017).
In addition, we present spectra of 21 optically or NIR bright (r06 18, H6 14) or
variable counterparts obtained as a queue filler programme at the VLT. CXB12 is a
bright UV and optical source, but at present no solid classification can be given. We
identify CXB42 as a weak-lined T Tauri star that exhibits UX Ori-like photometric
variability. The presence of two double-peaked emission lines at 6049; 6072 in the
spectrum of CXB43 can not be readily explained in any scenario. We note that the sys-
tem properties could be consistent with a symbiotic binary star in quiescence. Follow-
up observations are required to firmly establish the nature of this object. CXB11 and
CXB405 do not display any spectral feature near H, suggesting the stellar H absorp-
tion is filled in. This could be due to chromospheric activity, or alternatively (but less
likely) by emission originating in an accretion disc. Among the remaining bright opti-
cal counterparts, 4 sources (CX204, CX695, CXB41 and CXB49) show evidence for
the presence of narrow H emission due to chromospheric activity, while 4 are likely
binaries (CX204, CX237, CX391 and CX695) based on the Ca II triplet morphology in
the spectrum and periodicities reported in the literature. The X-ray to optical flux ratios
of all these bright counterparts are consistent with an active star interpretation.
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Figure 4.19: Finding charts of the optical counterparts in the r0-band. East is up, and North is to
the right. The red circle indicates the X-ray error circle, while the white cross marks the best-ﬁt
X-ray position and the white circle the optical counterpart of which we obtained the spectrum.
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Figure 4.20: Finding charts of the counterparts in the r0-band. East is up, and North is to the
right unless it is indicated on the ﬁgure. A red circle indicates the X-ray error circle, while the
white cross marks the best-ﬁt X-ray position and the white circle the optical counterpart of which
we obtained the spectrum.
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Additional X-ray spectral ﬁtting of CXB12
We note that the power law fit to the XMM–Newton spectrum has two peculiar features
which motivated us to test different spectral models. Firstly, the photon index is unusu-
ally large (3.0 0.5); secondly, there are suggestive positive residuals in the spectrum
at 1 keV (Figure 4.21), where Fe L-shell lines are common in the emission from thermal
plasma with temperatures of a few keV.
This motivated us to try APEC thermal plasma models3. Single-temperature solar
abundance APEC models give unacceptable fits (reduced 2 = 2.26, for 26 d.o.f.), as
the 1 keV line complex is too strong. This line complex could be diluted either by
reducing the abundances or by having the APEC model only provide part of the flux
(the rest could be provided by a second, higher temperature APEC model, or by e.g. a
power-law). In the following two paragraphs we explore these ideas further.
A two-APEC spectral model finds temperatures of 0:3+1:2 0:1 keV and 1:9
+0:6
 0:5 keV,
with NH = 4+5 3 1021 cm 2. The emission measure for the lower temperature compo-
nent is roughly half of the contribution of the higher temperature component. These
properties are consistent with the X-ray emission from RS CVn stars (e.g. Dempsey
et al. 1993b, who find typical temperatures of 0.2 and 1.4 keV for RS CVn stars),
and gives a reduced 2 = 1.01, for 24 d.o.f. The observed and unabsorbed 0.5 – 10 keV
fluxes for this model are 9 10 14 and 1.7 10 13 erg cm 2 s 1, respectively.
A model including an APEC+ power-law is marginally inconsistent with the col-
umn density constraint, as it finds NH = 2.2+1:4 1:0 1021 cm 2, with photon index of
2.1+0:8 0:7 and APEC temperature of 1.3 0.3 keV. A variable-abundance single APEC
model finds a metal abundance of 0.21+0:27 0:14, temperature of 1.5
+0:4
 0:3 keV, and reduced
2 = 1.18, but the NH appears rather low, at 2.0+0:9 0:6 1021 cm 2. We also test a model
of a neutron star atmosphere (NSATMOS, Heinke et al. 2006) plus power-law, as seen
in quiescent low-mass X-ray binaries (e.g. Campana et al. 1998); we find an acceptable
fit (reduced 2 = 1.21, for 25 d.o.f.), with NH = 5.4 1021 cm 2, NS temperature 105:9
K, and photon index 2.2. We note that this model does not readily explain the residuals
around 1 keV.
3http://atomdb.org
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Figure 4.21: XMM PN and MOS spectra of CXB12. The ﬁt shown is a two-APEC model, with
temperatures of 0.3 and 1.2 keV respectively. The positive residuals around 1 keV could be Fe
L-shell emission from a hot plasma, indicative of an RS CVn scenario. Their signiﬁcance is such
that we treat this as an indication only, and not as real evidence.
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Abstract
We report on the discovery of a hydrogen-deficient compact binary (CXOGBS J175107.6 294037)
belonging to the AM CVn class in the Galactic Bulge Survey. Deep archival X-ray observations
constrain the X-ray positional uncertainty of the source to 0:0057, and allow us to uniquely identify
the optical and UV counterpart. Optical spectroscopic observations reveal the presence of broad,
shallow He I absorption lines while no sign of hydrogen is present, consistent with a high state
system. We present the optical lightcurve from Optical Gravitational Lensing Experiment moni-
toring, spanning 15 years. It shows no evidence for outbursts; variability is present at the 0.2 mag
level on timescales ranging from hours to weeks. A modulation on a timescale of years is also
observed. A Lomb-Scargle analysis of the optical lightcurves shows two significant periodicities
at 22.90 and 23.22 min. Although the physical interpretation is uncertain, such timescales are
in line with expectations for the orbital and superhump periods. We estimate the distance to the
source to be between 0.5 – 1.1 kpc. Spectroscopic follow-up observations are required to estab-
lish the orbital period, and to determine whether this source can serve as a verification binary for
the eLISA gravitational wave mission.
5.1 Introduction
AM Canum Venaticorum (AM CVn) systems are a class of binary stars, consisting of
a white dwarf (WD) accreting H-deficient material from a low mass companion. These
binaries are in a very compact configuration with observed orbital periods ranging from
5 to 65 min, suggesting the companion is a (semi-) degenerate star (see e.g. Solheim
2010 for a recent review). The class of AM CVn stars can be divided into four groups,
depending on the evolutionary stage of the binary:
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(i) Porb . 10 min: direct impact systems without a disc
(ii) 10 min . Porb . 20 min: stable disc in a persistent high state
(iii) 20 min . Porb . 40 min: variable disc with outbursts
(iv) 40 min . Porb . 65 min: stable disc in quiescence
The orbital evolution of these short period systems is expected to be dominated by
gravitational wave radiation (GWR; Tutukov &Yungelson 1979). In that case, the mass
transfer rate is set by angular momentum loss due to GWR, and because the latter is a
steep function of the orbital period, this implies a strong decrease of _M with increasing
Porb. This provides a natural explanation for the observed behaviour. With decreasing
_M , the evolutionary timescale will become longer. Most sources belong to classes (iii)
and (iv), while only two direct impact systems and four persistent high state sources are
currently known. The transition between groups (ii) and (iii) is thought to occur around
Porb 20 min, but the exact moment at which the transition occurs is currently not well
constrained.
Tsugawa &Osaki (1998) present a disc instability model for He-rich accretion discs
in AMCVns (see also Kotko et al. 2012), in analogywith the H-rich discs in cataclysmic
variables (Smak 1982). They showed that, depending on the accretion rate and accretor
mass (which set the temperature at the outer and inner edges of the disc, respectively),
three distinct situations can occur: if the mass transfer rate is very high, the material in
the disc will be fully ionized and the disc is in a hot, stable state. If the mass transfer
rate is very low, no ionized material is present in the disc and the system is in a cool,
stable state. For mass transfer rates in between these two limiting cases, the temper-
ature will increase as more material is transferred from the donor to the disc. When
the temperature surpasses the ionization temperature of He, this leads to an increase in
the viscosity in the disc. When this thermal instability occurs, the material in the disc is
rapidly accreted onto theWD and an outburst is observed. Other system properties such
as the chemical composition will influence whether the disc remains stable or goes into
outburst (Kotko et al. 2012).
In this letter we present the identification of CXOGBS J175107.6-294037 (also
known and from here-on referred to as CX361) as a persistent high state AM CVn
binary.
5.2 Observations
5.2.1 X-ray and UV observations
CX361 is an X-ray source detected in Chandra observations taken as part of the Galactic
Bulge Survey (GBS; Jonker et al. 2011, 2014). We search the Chandra archive around
the position of CX361 and find 14 additional observations of the region, taken between
2006 and 2009, with exposure times ranging from 11 to 164 ks (Table 5.1).
The field of CX361was observed in the near-UV (NUV) using theGalaxy Evolution
Explorer (Galex; Morrissey et al. 2007) on 2011 July 1. The NUV filter covers the
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ObsID RA () Dec () R95 (00) Texp (ks) Counts
5934 267.7819 –29.6770 0.68 40.5 216
6362 267.7819 –29.6771 0.70 37.7 180
6365 267.7819 –29.6771 1.06 20.7 90
7168 267.7820 –29.6770 0.57 13.8 24
8753* 267.782 –29.677 6.43 2.0 7
9500 267.7819 –29.6771 0.59 162.6 700
9501 267.7819 –29.6771 0.60 131.0 539
9502 267.7820 –29.6771 0.59 164.1 755
9503 267.7819 –29.6771 0.61 102.3 468
9504 267.7819 –29.6770 0.61 125.4 474
9505 267.7820 –29.6772 1.82 10.7 39
9854 267.7820 –29.6770 0.98 22.8 112
9855 267.7818 –29.6770 0.73 55.9 291
9892 267.7819 –29.6770 0.65 65.8 287
9893 267.7820 –29.6772 0.70 42.2 174
Table 5.1: Summary of Chandra observations of CX361, obtained up to 2009. The observation
marked with an asterisk was performed as part of the GBS. R95 denotes the 95 per cent uncertainty
of the X-ray position. The source counts were extracted from a circular region with a radius of
1100.
wavelength range between 1771 and 2831Å, with an effective wavelength of 2316Å.
The exposure time is 586 s, resulting in a 5 depth ofmNUV = 20.3 mag. The full-width
at half maximum of the point spread function is 5:006.
5.2.2 Optical observations
Photometry
Wevers et al. (2016a) present optical imaging observations of CX361, taken as part of
the GBS. The images were taken in three filters: r0, i0 and H. The field of CX361 was
observed on 2006 June 29. Themeanmagnitudes are r0 = 17.62 0.03, i0 = 17.56 0.04
and H = 17.42 0.03.
The optical counterpart to CX361 was observed from 2010 June 12 – 18 with the
MOSAIC–II instrument mounted on the Victor M. Blanco telescope to search for pho-
tometric variability (Britt et al. 2014). The field was covered on average 4 times per
night using the SDSS r0-band during 7 consecutive nights.
The field of CX361 was also covered in the Optical Gravitational Lensing Experi-
ment (OGLE) III (BLG194.1.659) and IV (BLG501.22.94718) surveys (Udalski et al.
2015), providing us with a lightcurve including 14298 observations in the I-band, start-
ing in 2001 and spanning 15 years. The cadence of these observations ranges from once
every night up to every 20 minutes, and exposure times are 120 and 100 s for OGLE
III and IV observations, respectively. The typical photometric uncertainty is 15 mmag.
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Spectroscopy
We observed the optical counterpart to CX361 on 2012 May 25 using the Goodman
high-resolution spectrographmounted on the SouthernAstrophysical Research (SOAR)
telescope. We used the 400l/mm grating in combination with a 100 slit in 100 seeing,
covering wavelengths between 3000 and 7000Å. The exposure time was 1200 s. The
spectrum has a dispersion of 1Å/pix and the spectral resolution is R 1850. No flux
standard was observed. The spectrum was reduced and extracted with standard tasks in
IRAF.
We also present a spectrum taken with the VIsible MultiObject Spectrograph (VI-
MOS) mounted on VLT-UT3. Two 875 s exposures were obtained on 2013 July 6,
using the medium-resolution MR grism in combination with the GG4750 order sorting
filter, covering the wavelength range between 4800 and 10000Å with a dispersion of
2.5Å/pix. The seeing was 1:002, and the 100 slit delivered a spectral resolution of R 600.
The data were reduced, combined and extracted following the steps in Torres et al.
(2014). In addition, we corrected the resulting spectrum for the instrumental response
using the standard star LTT9491.
Figure 5.1: VLT/VIMOS image of CX361 in the r0-band. The red circle indicates the best X-ray
localisation, the white cross marks the optical counterpart.
5.3 Analysis and results
We use wavdetect from the CIAO software tools (Fruscione et al. 2006) v4.7 at the posi-
tion of CX361 to recover the X-ray source in the archival Chandra observations.We cal-
culate the positional uncertainties following Evans et al. (2010). We detect the source in
all cases, with an average absorbed flux in the 0.3 – 7 keV range of 5.4 0.110 14 erg cm 2 s 1.
The best fit source positions are consistent within the errors, and the smallest X-ray er-
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ror circle we obtain is 0:0057. Using XSPEC v12.9.0, the best combined fit to the spectra
(comprising 2183 bins containing at least 1 photon) is a power law with an index of
2.10 0.06 and a hydrogen column density of nH = 1.5 0.21021 cm 2. We use cstat
in XSPEC, which calculates C-statistics modified for the background (Cash 1979), and
find W=1809 for 2180 degrees of freedom.
The small X-ray positional uncertainty allows us to identify the unique optical and
UV counterpart. Figure 5.1 shows an r0-band image taken at the VLT. The system
has a blue r0-i0 colour with respect to other stars in the field, and the NUV detection
(mNUV = 18:33 mag) confirms that it has an intrinsically blue colour. We calculate
an X-ray to optical flux ratio of log

Fx
Fopt

= 1.26 using the i0-band magnitude from
Wevers et al. (2016a).
The two optical spectra of CX361, taken about a year apart, are presented in Fig-
ure 5.2. We normalise both spectra to the local continuum by fitting cubic splines in
MOLLY. The spectrum shows broad, shallow He I absorption lines (marked by dashed
lines). No signs of hydrogen are present. The absorption feature at 5893Å is likely due
to a blend of He I 5875Å with the Na I D doublet at 5890 + 5895Å. The absorption fea-
ture at 6283Å could be a diffuse interstellar band (DIB) or telluric in nature. We only
show the red part of the VIMOS spectrum (grey) because it is contaminated by instru-
mental artifacts blueward of 6000Å1. We search for absorption lines due to metals, but
do not find any.
The long term I-band lightcurve of CX361 is shown in Figure 5.3. The epochs
of the spectroscopic observations are marked by two vertical dashed lines. We search
for periodicities by computing a Lomb-Scargle (LS) periodogram with periods ranging
from 5 to 40 minutes with a 1s resolution. Because the cadence of the OGLE III data
is low, we only use the detrended OGLE IV data for this analysis. We detrended the
lightcurve by correcting for the difference in mean brightness between different seasons
of OGLE IV. We find several peaks at periods ranging from 22 to 24 minutes (Figure
5.4). There are two sets of alias peaks visible in the periodogram, which we interpret
as being two significant periodicities and their 1 day alias peaks. The periodicities with
the most power are P1 = 22.90 0.01 min and P2 = 23.22 0.01 min (marked by red
arrows). The period uncertainties are calculated by bootstrapping the lightcurve with
resampling, and taking the standard deviation of the frequency distribution for each
peak. We determine the (white) noise level of the LS amplitude  by randomising the
observations in time and calculating the LS amplitude of the highest peak for 1000
trials.  represents the average of this amplitude distribution. An analysis performed on
each season of OGLE IV observations separately confirms that the signals are always
present. Although the Mosaic–II data consists of only 31 r0-band datapoints spanning 7
nights, we recover two peaks at the same periods as found in the OGLE data: P = 22.90
min and its 1 day alias at 23.28 min.
1http://www.eso.org/sci/facilities/paranal/instruments/vimos/doc/
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5.4 Discussion
Wehave discovered a persistent X-ray source, CX361, in the Galactic Bulge Survey.We
obtained optical spectroscopy, presented in Figure 5.2. The spectrum shows shallow,
broad and asymmetric He I absorption lines, lacking signatures of hydrogen. This is
typical for AM CVn binaries in a high accretion state. The spectrum looks very similar
to high state systems such as AM CVn itself (Roelofs et al. 2006) and HP Lib (Roelofs
et al. 2007).
Small amplitude variability is observed in the optical lightcurve on timescales of
hours, days and weeks at a level  0.2 mag (Figure 5.3). This is consistent with an
origin in an accretion disc, and similar to the photometric properties of high state AM
CVn binaries (Skillman et al. 1999; Patterson et al. 2002). Our photometric observations
also show that no outbursts have been detected in the last 15 years. Because the typical
outbursts of an AM CVn system with Porb 23 min (see below for an explanation) last
15 days, recur every 40 days and have an amplitude of  3 mag (Levitan et al. 2015),
these would have been detected in our observations. Given that the spectrum indicates
the system is in a high state, the lack of large amplitude variability suggests that the disc
is persistently in the high state. On top of the flickering, there is evidence for a long term
modulation of the brightness on a timescale of years. This could indicate deviations
from the secular mass transfer rate set by the GWR, or due to variable irradiation of the
donor by disc precession and/or warping (Kotko et al. 2012).
A Lomb-Scargle analysis of the optical lightcurves shows evidence for two signif-
icant periodicities at P1 = 22.90 0.01 and P2 = 23.22 0.01 min (Figure 5.4). Their
1 day aliases are clearly visible in the periodogram. Typically, two strong periodici-
ties are discovered in high state AM CVn sources: one at the orbital period and one
at the superhump period. These periods are closely related, as the superhump period
is likely caused by periodically modulated dissipation of the kinetic energy of the ac-
cretion stream due to variable irradiation (Smak 2009, 2013). The photometric period
may be related to the orbital period (Levitan et al. 2011), but this does not hold for all
systems (see e.g. Morales-Rueda et al. 2003).
We show the binned lightcurve of the OGLE data folded on P1 and P2 in the middle
and bottom panels of Figure 5.4, respectively. For P1, the amplitude of variability over
one cycle is  0.03 mag with a typical scatter of  0.01 mag. For P2, the amplitude
is 0.02 mag with 0.01 mag scatter. Comparing the morphology of these phase folded,
binned lightcurves to those of HP Lib (Patterson et al. 2002) and AM CVn (Skillman
et al. 1999), we conclude that P1 is likely the orbital period and P2 the superhump
period. We note that folding the entire OGLE lightcurve on P2 does not result in a clean
periodicity. For that reason, we show the detrended OGLE IV data folded on P2 instead.
This could suggest that there are slight variations in the superhump period over time.
The difference between P1 and P2 is 19 s. Assuming that P1 =Porb and P2 =Psh,
this leads to a period excess (= Psh  PorbPorb ) of = 0.0138, similar to that of HP Lib
(= 0.0148). This is consistent with the (tentative) relation between  and Porb for sys-
tems with a dynamically determined orbital period (fig. 27 in Solheim 2010).
We can infer a mass transfer rate of _M = 10 9 M yr 1 by using the relation be-
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Figure 5.3: Long term I-band lightcurve of CX361 from OGLE III (t6 5000) and IV (t> 5000).
Variability is present at the 0.2 mag level on hours, days and weeks timescales. There is also
evidence for a long term modulation of the brightness. The dashed lines mark the epochs of the
SOAR (left) and VIMOS (right) spectra.
tween Porb and _M found by Cannizzo & Nelemans (2015). Comparing this with the re-
gion of He disc stability (Tsugawa & Osaki 1998; see also fig. 2 in Deloye et al. 2005),
we see that the system falls in the stable disc regime, consistent with our interpretation.
We rule out a scenario with an ultra-compact X-ray binary (UCXB) in outburst
based on the low observed FxFopt ratio. Jonker et al. (2011) calculate the typical X-ray
fluxes and optical magnitudes for a population of AM CVns and UCXBs based on
observed properties. Comparing our measurements to their populations (fig. 4 in Jonker
et al. 2011), we see that they are inconsistent with an UCXB scenario. In that case, the
system should have at least an order of magnitude higher FxFopt ratio than observed.
Phase-resolved spectroscopy is required to unambiguously determine the orbital
period. If confirmed at 22.90 min, the orbital period would be similar to that of a con-
firmed outbursting system (22.5 min for PTF1 J191905.19+481506.2; Levitan et al.
2014). This would provide direct observational evidence that in addition to Porb, other
factors play an important role in the disc stability of high state AM CVn systems. Com-
paring our values of _M and Porb to fig. 2 of Deloye et al. (2007), we conclude that
our estimates are inconsistent with a zero-temperature WD but rather suggest a semi-
degenerate donor star (either a high-entropy WD or He star). The implied high-entropy
donor star may in part explain why the disc in this system is stable while PTF1 J1919,
at similar Porb, shows outbursts.
Using the X-ray observations, we can obtain two distance estimates for the system.
By using the relation between the hydrogen column density (NH , determined from our
fits to the X-ray spectra) and optical extinction found by Güver & Özel (2009), we
estimate that the extinction in the V -band is AV = 0.7 mag. Using the 3D reddening
map by Green et al. (2015), this corresponds to a distance of  500 pc. Alternatively,
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Figure 5.4: Top: LS periodogram of the detrended OGLE IV lightcurve. The arrows indicate two
periodicities 22.90 and 23.22 min. The 5 detection level is marked by a dashed line. Middle: OGLE
lightcurve, binned and folded on the 22.90 min period. Bottom: detrended OGLE IV lightcurve,
binned and folded on the 23.22 min period. The zero phase is arbitrary.
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assuming that the X-ray luminosity is equal to that of HP Lib (1.4 1031 erg s 1;
Ramsay et al. 2006) we estimate a distance to CX361 of 1.1 kpc.
A short orbital period would make this source an excellent candidate to serve as a
verification source for the future eLISA space-based gravitational wavemission (Amaro-
Seoane et al. 2012). Assuming AM CVn-like parameters, but scaling for the tentative
orbital period and distance of CX361 we can get a rough estimate of the GW strain
(h). Using h= 2.110 22 for AM CVn (Roelofs et al. 2006), we find h 9 10 23 at
1.1 kpc, roughly a factor 2 above the confusion-limited Galactic background predicted
by Nelemans et al. (2004). A determination of system parameters such as an accurate
distance and inclination are needed to confirm the expected GW strain caused by this
source.
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Abstract
The mass of the central black hole in a galaxy that hosted a tidal disruption event (TDE) is an
important parameter in understanding its energetics and dynamics. We present the first homoge-
neously measured black hole masses of a complete sample of 12 optically/UV selected TDE host
galaxies (down to ghost6 22mag and z = 0.37) in the Northern sky. The mass estimates are based
on velocity dispersion measurements, performed on late time optical spectroscopic observations.
We find black hole masses in the range 3 105 M6MBH6 2 107 M. The TDE host galaxy
sample is dominated by low mass black holes ( 106 M), as expected from theoretical pre-
dictions. The blackbody peak luminosity of TDEs with MBH6 107:1 M is consistent with the
Eddington limit of the SMBH, whereas the two TDEs with MBH> 107:1 M have peak lumi-
nosities below their SMBH Eddington luminosity, in line with the theoretical expectation that
the fallback rate for MBH> 107:1 M is sub-Eddington. In addition, our observations suggest
that TDEs around lower mass black holes evolve faster. These findings corroborate the standard
TDE picture in 106 M black holes. Our results imply an increased tension between observa-
tional and theoretical TDE rates. By comparing the blackbody emission radius with theoretical
predictions, we conclude that the optical/UV emission is produced in a region consistent with the
stream self-intersection radius of shallow encounters, ruling out a compact accretion disk as the
direct origin of the blackbody radiation at peak brightness.
6.1 Introduction
It is currently accepted that supermassive black holes (SMBH) reside in the centers of
most, if not all, massive galaxies (e.g. Kormendy & Richstone 1995). If there is gas
close to the hole, its accretion has directly observable signatures and we designate the
center an active galactic nucleus (AGN). However, if there is no gas near the SMBH,
indirect methods must be used to infer its presence. Occasionally a reservoir of gas may
wander near the black hole in the form of a star. If the tidal forces due to the SMBH
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are larger than the self-gravity of the star, the SMBH will tear it apart, and about half of
the star will be accreted by the central black hole (Rees 1988; Phinney 1989; Evans &
Kochanek 1989). This so-called tidal disruption of a star is accompanied by a luminous
flare at X-ray, UV or optical wavelengths, announcing the presence of an otherwise
dormant SMBH to the Universe.
In the last two decades, about two dozen tidal disruption events (TDEs) have been
discovered in various wavelength regimes such as X-rays (Donley et al. 2002; Komossa
2002; Cenko et al. 2012;Maksym et al. 2013), UV (Gezari et al. 2008, 2009) and optical
light (vanVelzen et al. 2011; Gezari et al. 2012; Arcavi et al. 2014; Chornock et al. 2014;
Holoien et al. 2016a). From an observational point of view, there seem to be two broad
classes of TDEs: those where X-ray (or even higher energy) emission was detected,
and those where optical emission was detected. It should be noted that not all optical
TDEswere followed up at X-raywavelengths, whichmay partially explain this apparent
dichotomy. Two exceptions are already known, includingASASSN–15oi (Holoien et al.
2016b) andASASSN–14li, whichwas detected not only at optical (Holoien et al. 2016a)
and X-ray (Miller et al. 2015) wavelengths but was also observed to produce radio
emission (Alexander et al. 2016; van Velzen et al. 2016a).
In the classical picture of TDEs, the electromagnetic radiation is produced when
the bound debris circularizes and falls back to the SMBH (Rees 1988; Phinney 1989).
An accretion disk forms at a radius of about 2 Rp, where Rp is the pericenter radius of
the orbit of the disrupted star. The disk forms rapidly and efficiently circularizes due
to stream-stream collisions induced by relativistic precession. While this scenario is
able to explain the properties of TDEs producing X-rays, the temperatures and lumi-
nosities of optical TDEs are an order of magnitude lower than theoretical predictions
(van Velzen et al. 2011). Several scenarios have been proposed to explain the optical
emission mechanism of TDEs, including thermal reprocessing of accretion power by
material far from the hole (Loeb&Ulmer 1997; Guillochon et al. 2014), shock emission
produced by the self-intersecting debris stream (Piran et al. 2015) or outflows (Strubbe
& Quataert 2009; Miller 2015; Metzger & Stone 2016; Stone & Metzger 2016). More
recently, the effect of magnetic stresses on the stream dynamics have also been consid-
ered (Bonnerot et al. 2017). A theoretical framework that can explain the dynamics and
energetics of both X-ray and optical emission from TDEs has yet to converge towards
a unified theory.
Observational studies of TDEs are critical to provide meaningful constraints on
key ingredients for theoretical models, such as the dynamical efficiency of stream cir-
cularization, the primary TDE power source, and the dominant emission mechanisms.
Because of the two-body nature of a TDE, constraining the mass of the black hole
component helps to disentangle other aspects of the events, including the dynamics
and energetics. For instance, the tidal radius of the disrupted star, the energetics of the
accretion phase, the post-disruption dynamics and the expected electromagnetic (and
gravitational wave) emission all depend on the black hole mass. Constraining the black
hole mass can also provide direct constraints on the accretion efficiency or the amount
of mass accreted during a TDE. Currently the mass of the black hole is usually inferred
from modelling rather than used as an input parameter because no accurate, systematic
measurements are available.
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Constraining the mass of a black hole in the center of a galaxy has a rich history (see
Ferrarese & Ford 2005 for a review). The discovery of correlations between the bulge
luminosity and mass (the M–L relation, e.g. Dressler 1989, Kormendy & Richstone
1995) or bulge velocity dispersion and mass (the M– relation, e.g. Ferrarese & Mer-
ritt 2000 or Gebhardt et al. 2000) indicate that there is a tight connection between the
evolution and formation of the SMBH and the stellar bulge (Kormendy & Ho 2013).
By exploiting these correlations, it is possible to measure black hole masses even when
it is not possible to spatially resolve the sphere of influence of the SMBH (at z> 0.01)
and derive the mass from the dynamics of stars or gas that is directly influenced by the
black hole. At higher redshifts, using these scaling relations has the advantage of be-
ing less data intensive than direct methods such as reverberation mapping. They have
therefore made SMBH mass measurements a relatively easy task (compared to direct
methods) at redshifts in excess of z 0.01.
A robust method for extracting the velocity dispersion from galaxy spectra is to
compare the width and equivalent width of stellar absorption lines with stellar template
libraries in pixel space (e.g. Rix & White 1992, van der Marel 1994, Cappellari &
Emsellem 2004). Working in pixel space makes masking bad pixels more easy, while
it also facilitates the simultaneous modelling of gas and stellar kinematics with other
observational effects such as contamination due to emission-line gas (Cappellari 2017).
In this work we present the first systematic effort to measure the black hole masses
of a sample of 12 optically/UV selected TDE host galaxies. In Section 6.2, we describe
the sample selection and observations used to perform the measurements. Section 6.3
explains the methodology we followed; we present the results and discuss their impli-
cations in Section 6.4. Finally, we summarize in Section 6.5.
6.2 Observations and data reduction
6.2.1 Host galaxy sample
We have obtained spectroscopic observations (Table 6.1) of galaxies hosting optical-
ly/UV selected nuclear transients with a blackbody temperature in excess of 104 K
(which we will refer to as TDEs) located in the Northern sky (declination > 0). Our
sample is complete down to a limiting (host galaxy) magnitude of ghost = 22 mag; the
hosts span a range in redshift from 0.016 to 0.37. These transients were discovered by
a variety of surveys (see Table 6.1 for references to the discovery papers), including
the Sloan Digital Sky Survey (SDSS), the All Sky Automated Survey for Supernova
(ASAS–SN), the (intermediate) Palomar Transient Factory (PTF), the Panoramic Sur-
vey Telescope and Rapid Response System (PS1) and the Galaxy Evolution Explorer
(GALEX). Our sample comprises 12 sources out of a total of 13 optically/UV discov-
ered TDEs in the Northern sky1. PS1–11af is the remaining source at ghost = 23 and
z = 0.405 (Chornock et al. 2014). There is one TDE in our sample for which a dis-
covery article has not yet been published in the literature: iPTF–15af. This TDE was
1http://TDE.space
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discovered in the galaxy SDSS J084828.13+220333.4 (French et al. 2016).
The observations were performed with theWilliamHerschel Telescope (WHT, Sec-
tion 6.2.2) on La Palma, Spain, the Very Large Telescope (VLT, Section 6.2.3) at Cerro
Paranal, Chile and the Keck–II telescope on Mauna Kea, Hawaii.
6.2.2 WHT/ISIS
We obtained late time spectra of some TDE host galaxies using the Intermediate disper-
sion Spectrograph and Imaging System (ISIS, Jorden 1990) mounted at the Cassegrain
focus of the 4.2mWilliam Herschel Telescope (WHT) located on La Palma, Spain. We
used the R600B and R600R gratings in the blue and red arm respectively, with central
wavelengths optimized for covering wavelength regions containing host galaxy absorp-
tion lines. There is a gap in the coverage between the blue and red arms due to the use
of a dichroic at 5300Å. The wavelength coverage of this setup is 1000Å around the
central wavelength of each arm. A summary of the observations is presented in Table
6.1.
We first perform the standard reduction steps such as a bias level subtraction, a flat
field correction and a wavelength calibration using IRAF. Cosmic rays are removed us-
ing the lacos package in IRAF (van Dokkum et al. 2012). The typical root-mean-square
deviation (rms) of the applied wavelength solution is 6 0.1 Å, which corresponds to at
most 0.5 pixels. The absolute wavelength calibration is evaluated by measuring the po-
sition of a Hg I sky line at 4358:33, and when necessary the spectra are shifted to match
the same wavelength scale. This ensures that combining multiple spectra of the same
source does not introduce an artificial broadening of the absorption lines. The spectra
are rebinned to a linear dispersion on a logarithmic wavelength scale. We perform an
optimal extraction (Horne & Marsh 1986), which weights each pixel along the spatial
profile by the inverse variance of the number of detected photons (i.e. pixels contain-
ing less signal get down-weighted) to achieve the highest possible signal-to-noise ratio
(SNR) for the extracted spectrum. The variance spectra are also calculated and will be
used for Monte Carlo simulations (Section 6.3). We measure the instrumental broaden-
ing of the different observational setups using arc lamp observations taken together with
the science spectra to measure instr. The resolution of the observations is slit-limited
for all spectra. Our observations provide an instrumental resolution FWHM of 1.75 Å
in the blue arm for a 1:001 slit width (or better, if the slit width was smaller), which cor-
responds to 55 km s 1 at 3900Å (Table 6.1). We present the resulting spectra in Figure
6.1 (top panel).
6.2.3 VLT/X-shooter
For iPTF–16fnl, we have obtained a late time spectrum ( 193 days after peak bright-
ness) in which the TDE does not contribute a significant fraction to the total galaxy
light on 2016 November 25 (Onori et al. in prep.) with X-shooter (Vernet et al. 2011),
mounted on UT2 (Kueyen) of the Very Large Telescope (VLT) at Cerro Paranal, Chile.
The 1800 s observation (OB ID: 1617353) was performed using an 0:008 slit. The spectral
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resolution provided by this setup is R = 6200, which yields an instrumental broadening
equivalent to  = 20 km s 1 at 3900Å.We use the ESO Phase 3 pipeline2 reduced spec-
trum of the UVB arm for our analysis, which has an absolute wavelength calibration
accurate to 0.3Å.
6.2.4 Keck/ESI
We took medium resolution spectra with the Echelette Spectrograph and Imager (ESI;
Sheinis et al. 2002), mounted at the Cassegrain focus of the Keck–II telescope onMauna
Kea, Hawaii. The instrument provides a wavelength coverage ranging from 3900 –
10000Å in multiple echelle orders. The observations were performed using a 0:005 slit,
providing a near-constant resolving power of R = 8000. The FWHM resolution is 38
km s 1, which translates to an instrumental resolution of instr = 16 km s 1.
The data were reduced using the MAuna Kea Echelle Extraction (makee) software
package, whichwas developed and optimised for the reduction of ESI data. The pipeline
performs standard spectroscopic data reduction routines including bias subtraction, flat-
fielding and spectrum extraction. The standard star Feige 34 was used to compute the
trace of the science objects. The position of each echelle order is traced, optimally ex-
tracted and wavelength calibrated independently, after which the different orders are
rebinned to a linear dispersion on a logarithmic wavelength scale with a dispersion of
11.5 km s 1 per pixel. The orders are combined using the combine command to pro-
duce a 1D spectrum. The wavelength calibration is performed in IRAF using two arc
lamp (CuAr and HgNe+Xe) exposures.
6.2.5 Further data processing
After obtaining the 1D spectra from ourWHT, VLT and Keck observations, further pro-
cessing steps are required before we can measure the velocity dispersion. The spectra
are normalized by fitting 3rd order cubic splines to the continuum in MOLLY. We mask
all prominent absorption and emission lines during this process to identify the contin-
uum.We average the spectra, weighting by the mean SNR (variance) of each individual
exposure.
We extract spectra from two different spatial regions of the host galaxy for each
exposure (see Section 6.3.2). One extraction includes the whole galaxy along the slit,
to increase the SNR of the resulting spectrum. The second extraction region is cen-
tered on the peak of the light profile, and has an aperture radius equal to the seeing
of the exposure. This extraction aims at isolating as much as possible the bulge region
of the galaxy, to provide an estimate of the central velocity dispersion rather than the
luminosity-weighted velocity dispersion obtained from the entire galaxy. We measure
the seeing using point sources present on the slit; if not available, we use measurements
of a local seeing monitor (the Robotic Differential Image Motion Monitor, available
for the WHT data) as an estimate. In case no measurements are available, we use an
aperture equal to the slit width, effectively mimicking a square fiber with sides equal
to the slit width.
2http://www.eso.org/observing/dfo/quality/XSHOOTER/pipeline
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Figure 6.1: Top panel: continuum normalized TDE host galaxy spectra. The top 6 spectra were
taken with WHT/ISIS (blue arm), while the bottom spectrum was taken with VLT/X-shooter
(UVB arm). The spectra are shifted to the rest-frame wavelength of the hosts. Solid lines mark
transitions of the H Balmer series. The two dashed lines mark the Ca H and K lines at 3934,3968.
The dash-dotted and dotted lines mark the Mg Ib and Fe 5270 lines. Bottom: same, but showing
the Keck/ESI spectra. The spectra have been smoothed with a boxcar ﬁlter with a 10 pixel width
for display purposes. The noise in the red part of the PS1–10jh and PTF–09djl spectra is due
to incomplete sky line subtractions. We only show the part of the spectrum that was used for
template ﬁtting.
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6.3 Velocity dispersion measurements
We use the penalized pixel fitting (PPXF) method (Cappellari & Emsellem 2004; Cap-
pellari 2017) to measure the line of sight velocity dispersion function (LOSVD), typ-
ically denoted as f(v), of the galaxies in our sample. Briefly, the method consists of
convolving a set of template spectra with an initial guess for f(v), which is then com-
pared to the observed host galaxy spectrum. The LOSVD is parametrized by a series of
Gauss-Hermite polynomials in the form:
f(v) =
1

p
2
exp

1
2
(v   V )2
2

1 +
MX
m=3
hm Hm(
v   V

)

(6.1)
where V is the mean velocity along the line of sight,  is the velocity dispersion, Hm are
Hermite polynomials and hm their coefficients. The Hermite polynomials are defined
as
Hi =
1p
i!
ex
2

  1p
2
@
@x

e x
2
(6.2)
where we include terms up to H4. The terms H3 and H4 parametrize the asymmetric
and symmetric deviations from a Gaussian line profile, respectively. The best-fitting
template is found by 2 minimization, using the set of templates convolved with f(v)
for the variables [V, , h3, h4]. The PPXF method was specifically designed to extract
accurate kinematical information in the case of low SNR spectra. We refer the reader
to Cappellari & Emsellem (2004) and Cappellari (2017) for more details.
6.3.1 Template library
We note that the red part of the WHT spectra does not contain well defined, deep and
unblended absorption lines suitable for a robust measurement of the velocity dispersion.
At bluer wavelengths, the Ca II H+K absorption lines at 3934; 3968 in combination
with many smaller absorption lines provide the best means to determine the velocity
dispersion. The HBalmer absorption lines are known to be strongly affected by pressure
broadening due to collisional or ionizational excitation, and we exclude them from the
measurement process. We therefore only use the blue part of the WHT spectra, starting
at 3900Å. We fit the full spectral range, as the use of many absorption lines present
in the spectrum will improve the measurement of the velocity dispersion. We mask the
H Balmer lines, and in addition emission lines of O III at 4959; 5007, the diffuse
interstellar band at 5780 and the interstellar Na ID absorption lines at 5890; 5895.
Based on the highest resolution spectrum and the wavelength coverage of the ob-
servations, we choose template spectra from the ELODIE v3.1 database (Prugniel &
Soubiran 2001; Prugniel et al. 2007). This spectral library contains 1554 templates at
R = 10000 at 5500Å, which implies a velocity dispersion resolution of  = 17 km s 1
at 3900Å. By using a large set of templates we minimize the effects of mismatches be-
tween the observed galaxy spectra and the templates used to derive the line broadening.
The best-fitting parameters are obtained by 2 minimization. Because the higher order
terms (h3 and h4) can only be robustly constrained in the case of high SNR data, the
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method includes a bias factor which penalizes these terms in the best-fitting solution to
0 in case the SNR is low. We follow the procedure outlined in Emsellem et al. (2004) to
determine the appropriate value for the penalty in the fitting procedure for each galaxy.
During the measurement process (in PPXF) for the Keck spectra, we take into ac-
count that the template FWHM resolution (in Å) is independent of wavelength (0.54 Å),
but the ESI spectral resolution (in Å) varies with wavelength. We only use the wave-
length range where template6ESI, starting at 4300 Å and ending at 6800 Å, where the
template spectral coverage stops.
6.3.2 Luminosity-weighted LOSVD and central LOSVD
In contrast with the IFU/fiber observations that are typically used to measure the kine-
matics of galaxies (for example in the SDSS Baryonic Oscillations Spectroscopic Sur-
vey, Dawson et al. 2013), we measure the LOSVD using long-slit observations. For
spectroscopic observations obtained using a fiber instrument with a  few arcsec di-
ameter, one expects an evolution of the measured velocity dispersion with the ability
to spatially resolve the bulge of the galaxy, i.e. with redshift (e.g. Bernardi et al. 2003).
For increasing distances, the velocity dispersion is influenced by stars at larger phys-
ical radii, and thus depends on the velocity dispersion profile of the galaxy. We use
longslit observations, and the measurements including the entire galaxy in the extrac-
tion region are effectively luminosity-weighted velocity dispersions. It was shown by
Gebhardt et al. (2000) that such measurements reflect the central velocity dispersion to
good degree (to within 5 per cent, see their figure 1) as long as the slit width is smaller
than or comparable to the effective light radius of the host galaxy.
It should be noted that the sample used by Gebhardt et al. (2000) consists of galax-
ies at much lower redshifts and with higher masses. Therefore the bulge region in these
nearby, massive elliptical galaxies is more dominant in a long-slit observation than we
expect them to be for our sample, which consists of galaxies at higher redshifts and
smaller bulge masses, as theory predicts these smaller SMBHs to produce higher rates
of TDEs (Magorrian & Tremaine 1999; Wang &Merritt 2004; Stone &Metzger 2016).
The underlying principle still holds, but the luminosity-weighted LOSVD measure-
ments of our sample must be interpreted with care: its relation to the central velocity
dispersion depends on the relative dominance of the bulge region over the rest of the
galaxy. For this reason, we provide central velocity dispersion measurements based
on the careful extractions outlined in Section 6.2, which aim at isolating the velocity
dispersion in the central part of the galaxy.
6.3.3 Robust velocity dispersions
To robustly estimate the velocity dispersion and its uncertainty induced by the measure-
ments, we perform 1000 Monte Carlo simulations. We resample the original spectrum
by drawing flux values from a Gaussian distribution within the errors as obtained from
the optimal extraction for each pixel. This ensures that the data quality of each simula-
tion (i.e. the average SNR) remains the same and does not influence our measurements.
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We fit the resulting distribution of velocity dispersion values with a Gaussian func-
tion, and adopt the mean and standard deviation as the best-fitting value for  and its
uncertainty.
6.4 Results and discussion
As an illustration, we show the result of the template fitting procedure in Figure 6.2
using the WHT spectrum of TDE1. Overlaid in red is the best-fitting template spec-
trum broadened to 126 km s 1. The residuals are shown in green, while blue regions
are excluded in the fitting process. The velocity dispersion is well defined and the fit
describes the data well, leaving little structure in the residuals. In Figure 6.3 we show
the distribution of measured  values and the Gaussian fit used to determine the mean
and standard deviation.
To obtain black hole masses, we assume that the M– relation holds for all the
velocity dispersions we measure, and convert the measurements to masses using the
relation from Ferrarese & Ford (2005):
MBH
108M
= 1:66


200 km s 1
4:86
(6.3)
To estimate the uncertainties in the black hole mass, we add the uncertainties of the
velocity dispersion measurements linearly with the 0.34 dex systematic uncertainty in-
troduced by using the M– relation (Ferrarese & Ford 2005). The uncertainty is dom-
inated by the scatter in the M– relation except for D23H–1. In Table 6.2 we present
the results of the velocity dispersion measurements for our sample. We also include
the redshift, host galaxy magnitude and half-light radius, as well as literature values of
velocity dispersion measurements for comparison purposes.
6.4.1 Comparison to independent measurements
For several sources in our sample, velocity dispersion measurements are available in
the literature. In Table 6.2 we list the literature values alongside our ownmeasurements.
Several of the velocity dispersions measured from SDSS spectra are below the instru-
mental resolution, which we deem less reliable, especially for low SNR observations.
Three sources can be reliably compared: TDE1, D23H–1 and iPTF–15af. We quote the
measurements performed by Thomas et al. (2013) as these authors also use PPXF to
measure , although they use a different set of templates and a different wavelength
regime (4500 – 6500Å). For TDE1 these authors find  = 137 12 km s 1, while we
find a slightly smaller value of  = 126 7 km s 1. The measured values for D23H–1
and iPTF–15af are consistent within the errors with the SDSSmeasurements of Thomas
et al. (2013). The velocity dispersion of D3–13 was measured using a similar template
fitting procedure by Gezari et al. (2006), and was measured to be 120 10 km s 1. Us-
ing our resampling approach we find  = 133 6 km s 1, slightly higher but consistent
within the mutual uncertainties. We also note that for iPTF–16fnl there is a discrepancy
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Figure 6.2: Part of the continuum normalized WHT spectrum of TDE1, overlaid with the best-
ﬁtting template spectrum (red) broadened to a velocity dispersion of 126 km s 1. The residuals
are shown in green. Blue regions are excluded from the ﬁt.
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Figure 6.3: Distribution of velocity dispersion measurements for TDE1 obtained from 1000 Monte
Carlo trials of the WHT spectrum. The distribution is well approximated by a Gaussian, with a
mean value of 126 km s 1 and a standard deviation of 7 km s 1.
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between our measured value (55 2 km s 1) and that of Blagorodnova et al. (2017)
(89 1 km s 1), who fit Gaussian lines to the Mg I b and Ca II triplet simultaneously.
Furthermore, we have WHT and Keck spectra of 4 sources, providing another op-
portunity for independent measurements. For ASASSN-14ae we measure 56 7 and
53 2 km s 1 using the ISIS and ESI spectra, respectively, while for ASASSN–14li
we measure 72 3 and 81 2 km s 1. We use the inverse-variance weighted aver-
age of these independent measurements as the best estimate of the velocity dispersion:
avg = 53 2 km s 1 and avg = 78 2 km s 1 for ASASSN–14ae and ASASSN–
14li, respectively. For PTF–09ge, we calculate an inverse-variance weighted mean of
avg = 81 2 km s 1. Regarding PTF–09djl, there appears to be an inconsistency of
 40 km s 1 between the Keck (64 7 km s 1) and WHT (104 13 km s 1) val-
ues. We note that the overlapping wavelength coverage of the WHT spectrum with the
templates is small ( 500 Å), and a visual inspection of the best-fitting template with
the galaxy spectrum reveals that the fit is poor. Moreover, our WHT spectra use a 1:001
arcsec slit width, while the bulge half-light radius of this galaxy is 0:003 and hence does
not satisfy the criterion of Gebhardt et al. (2000) (see discussion below). On the other
hand, the best-fitting solution to the Keck spectrum is satisfactory. We therefore adopt
the value as measured from the Keck spectrum as the best representation of the central
velocity dispersion of this source.
6.4.2 Potential caveats
Signal-to-noise ratio (SNR) and 
We have determined the value and uncertainty of  by performing Monte Carlo simula-
tions (Table 6.2). We find that, as expected, the accuracy with which  can be recovered
is strongly dependent on the SNR and the wavelength coverage of the data. For the
spectrum of D23H–1, the relatively low SNR of the spectra causes a degeneracy in the
best-fitting velocity dispersion. Due to the large errors in the observed spectrum, the 2
minimization is not able to resolve the shallow, narrow absorption lines. Instead, the
minimization procedure finds a good fit with larger values of  few hundred km s 1,
essentially fitting only a few broad absorption lines instead of the myriad of low SNR,
low equivalent width absorption lines present in the spectrum. In this case, we use the
trials corresponding to a limited (but conservatively large) range of  to determine the
best-fitting velocity dispersion. We perform Monte Carlo simulations until this limited
range contains at least 1000 trials, to robustly estimate the uncertainty induced by the
measurement errors. An illustration is shown in Figure 6.4 for the WHT spectrum of
D23H–1, including a fit to all the trials (top) and a fit to only the trials in the range
 = [0,130] km s 1 (bottom). We adopt  = 77 18 km s 1 in this case. We also note
that extracting the central region of the host galaxy to D23H–1 results in a low SNR
spectrum. The model fitting becomes less constrained and we are no longer able to
robustly measure the central velocity dispersion of this galaxy.
For the Keck spectra, the large wavelength coverage makes it is possible to ac-
curately determine the velocity dispersion even with a relatively low SNR per pixel
because of the large number of small lines in the spectrum. The large wavelength cov-
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Figure 6.4: Distribution of the Monte Carlo trials to determine the best-ﬁtting velocity dispersion
of D23H–1. Top: including all trials; bottom: including trials limited to =[0,130] km s 1 (see
text).
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erage (hence large number of degrees of freedom), combined with the fact that no very
deep absorption lines are present (such as the Ca H+K lines in the WHT spectra) also
makes the template selection procedure more prone to make non-optimal choices. This
can lead to a divergence in the fitting process if there are only a few absorption lines in
common between the science spectrum and the selected templates to determine . This
is observed as a tail of outliers at high velocity dispersion values; we therefore use a
similar procedure as outlined above for D23H–1 to fit a Gaussian to a restricted range
in the velocity dispersion distribution.
Comparison of luminosity-weighted and central LOSVDs
We find no significant differences between the luminosity-weighted LOSVDs and the
central velocity dispersion values. In all cases the measurments yield results that are
consistent within the mutual errors. In Table 6.2 we provide the host galaxy half-light
radius, as determined by SDSS (Stoughton et al. 2002) from a de Vaucouleur profile
fit to the galaxy light. We note that for all sources except for the WHT spectrum of
PTF–09djl, our observations are within the regime where the slit width is less than two
times the galaxy half-light radius, for which Gebhardt et al. (2000) have shown that the
luminosity-weighted LOSVD is a good tracer of the central velocity dispersion. For the
WHT spectra of PTF–09djl we are not in this regime (as discussed in Section 6.4.1). We
therefore adopt the value obtained from the Keck spectrum, obtained with a slit width
of 0:005, as the most reliable measurement.
For the other sources, we do not find significant differences between the luminosity-
weighted and central LOSVDs, implying as expected that our long-slit data, even when
extracting the full galaxy light, are not strongly influenced by the disk of the galaxy.
We note that using an optimal extraction for the spectra will have helped in this respect.
Choice of M – relation
The particular choice of M– relation and which version is the best version is still a
matter of debate, with many versions published in the literature (Ferrarese & Ford 2005;
Gültekin et al. 2009; McConnell & Ma 2013; Kormendy & Ho 2013). Each of these
works has its particular sample selection that comes with advantages and disadvantages.
In this work we have chosen to use the relation based on the sample of Ferrarese &
Ford (2005), who included only galaxies for which the sphere of influence had been
resolved. If we compare these values with those obtained with the recent McConnell
& Ma (2013) relation, valid for early-type galaxies, we find that the (non-systematic)
difference is less than 0.1 dex for the sources in our sample. Therefore we do not expect
the particular choice of theM– relation to influence our conclusions. In Figure 6.5 we
show the original (resolved) sample used by Ferrarese & Ford (2005) to derive the M–
 relation (Eq. 6.3; dashed line). We have overplotted the relation by McConnell & Ma
(2013) (dotted line) and Kormendy & Ho (2013) (solid line) to illustrate the effect on
the derived masses. We note that the latter relation was explicitly derived for elliptical
galaxies and is most likely not appropriate for our sample.
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Figure 6.5: TDE host black hole masses and various versions of the M– relation. Black stars
represents the resolved sample of Ferrarese & Ford (2005), while the dashed line represents the best-
ﬁtting relation (Eq. 6.3); red triangles represent the TDE host galaxies. The dotted line represents
the McConnell & Ma (2013) relation valid for early type galaxies. The solid line represents the
Kormendy & Ho (2013) relation for massive ellipticals. Regarding the latter relation, we remark
that our galaxies are not ellipticals and therefore it is unlikely that this relation is appropriate for
our sample.
Another issue that arises from using the M– relation for our sample is that sev-
eral host galaxies harbour black holes with masses that are lower than the mass range
for which the relation was originally derived (see also Figure 6.5). Simulations have
shown that the (currently unknown) black hole seed formation scenario has an impact
on the validity of the M– relation at the low mass end. For example, Volonteri (2010)
showed that in the case of high-mass seeds the relation should show an increased scatter,
possibly combined with a flattening at low . However, there is at present no conclusive
evidence that corroborates these predictions. For example, Barth et al. (2005) measure
black hole masses for less than 106 M BHs and find that they lie on the extrapolation
of the M– relation to lower masses. Xiao et al. (2011) found that the relation derived
for quiescent massive ellipticals can also be extrapolated to active galaxies, with masses
as low as 2 105M. These authors did not find evidence for an increased scatter in the
correlation at the low end of the mass range. We remark that direct mass measurements
for these systems are needed to resolve this issue beyond doubt.
6.4.3 A black hole mass distribution for TDE host galaxies
Recent theoretical work has used the observed sample of TDE candidates to analyze
flare demographics (Kochanek 2016), to constrain the SMBH occupation fraction in
low mass galaxies (Stone & Metzger 2016), and to try to constrain optical emission
mechanisms (Stone & Metzger 2016; Metzger & Stone 2016). The BH/bulge mass es-
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Figure 6.6: Distribution of the observed black hole masses in our sample of TDE host galaxies.
The sample is dominated by low mass black holes, as expected from theoretical arguments (Wang
& Merritt 2004). This is in contrast to ﬁg. 12 of Stone & Metzger (2016), who found a more
top-heavy MBH distribution, with SMBH masses in optical TDE hosts peaked just below 107M.
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timates used in these works are inhomogeneous, but are generally based on the M–L
relation, and the bulge mass of these galaxies is subject to large uncertainties. Here we
present a new and updated black hole mass distribution based on spectroscopic mea-
surements of our host galaxy sample.
Our mass distribution, presented in Figure 6.6, contains black hole masses ranging
from 3 105 M to 2 107 M. It is dominated by low mass black holes in the range
 106 M. The absence of black holes with masses lower than 3 105 M could be ex-
plained by the increasingly smaller volume in which TDEs can still be detected around
low mass black holes (assuming that the peak luminosity is Eddington-limited or oth-
erwise scales with the black hole mass). Alternatively, this could be a consequence of
the black hole occupation fraction in low mass galaxies (Stone & Metzger 2016) or
because of a lower flare luminosity due to inefficient circularization (Dai et al. 2015;
Guillochon & Ramirez-Ruiz 2015). On the high mass end, the lack of SMBHs in excess
of 107:5 M could be explained by the direct capture of stars (Hills 1975). Testing this
hypothesis requires a careful treatment of the survey completeness due to both the host
and TDE flux limits, and will be explored in detail in van Velzen et al. (in prep.).
We remark that our mass distribution is in contrast with masses taken from the liter-
ature (e.g. figure 12 of Stone & Metzger 2016). These authors found a more top-heavy
MBH distribution peaked just below 107M, with SMBH masses mostly derived us-
ing the M–L relation. We list a few potential explanations for this difference below. To
start, Stone &Metzger (2016) did not apply B/T corrections for most galaxies, implying
that the resulting masses are upper limits. A second potential caveat is that many TDE
host galaxies are rare E+A galaxies (Arcavi et al. 2014; French et al. 2016), which are
thought to possess a central overdensity of stars due to a recent merger (Zabludoff et al.
1996). These galaxies are observed to have very centrally peaked light profiles (see e.g.
Stone & van Velzen 2016), and therefore they could be overluminous with respect to
the galaxies used to derive the scaling relation (typically massive ellipticals). This was
also noted by French et al. (2017) as a caveat to their analysis, and may explain why we
find lower BH masses for 3 sources (ASASSN–14ae, ASASSN–14li and PTF–09ge)
with MBH estimated from Mbulge using stellar population fitting (French et al. 2017;
their table 2). Finally, Graham (2012) have shown that the M–L relation may be a bro-
ken power law rather than applicable to the whole mass range; they find that it should
have a steeper slope (M/L2 instead of M/L1) below  108 M. This would lead to
an overestimate ofMBH for masses below 108 M. Based on numerical simulations,
Fontanot et al. (2015) identified that stellar feedback due to star formation may lead to a
change of slope in theM–L scaling relation. Graham& Scott (2015) also suggest that a
steeper relation can explain the presence of samples of low mass AGNs with seemingly
undermassive BHs.
6.4.4 Correlations with other observables
Recent studies investigating potential correlations between the black hole mass and
other TDE observables such as peak luminosity and e-folding timescale are reported
by Hung et al. (2017) and Blagorodnova et al. (2017) respectively. Despite some sug-
gestive evidence, no strong correlations were observed. However, this could be a conse-
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quence of the heterogeneous mass measurements available in the literature, motivating
us to re-investigate potential correlations. In Figure 6.7 we plot our black hole masses
against other observables. We provide the plotted data in Table 6.3. We search for cor-
relations between the observables using the Spearman rank correlation metric. Similar
to previous work, we do not find statistically significant (95 per cent confidence inter-
val) correlations. This could be a consequence of the small sample size, in combination
with the degeneracy of different parameters such as the mass of the star and the im-
pact parameter. Nevertheless, it is instructive to discuss some suggestive evidence for
correlations with the host black hole mass or derived Eddington luminosity. It is impor-
tant to note that our galaxy sample is drawn from flux-limited surveys, and we do not
consider the effects of a flux limit for the flare itself. We will find that the qualitative
trends corroborate the tidal disruption interpretation of these events, and moreover can
provide input and constraints for viable TDE emission models.
Redshift
Figure 6.7 (panel a) suggests that TDEs found at lower redshift are associatedwith lower
mass black holes. The dearth of TDEs found in low mass black holes at higher redshifts
may be a consequence of the flux limited nature of our sample. The lack of higher black
hole masses for TDE hosts at low redshifts could be explained by the relative rarity of
higher mass black holes, as the log(N) – log(M) distribution of black hole masses rises
towards lower masses (e.g. Shankar et al. 2009). The exponential tail of the black hole
mass function implies that a large volume is needed to include enough high mass black
holes. As a result, in a flux limited sample the observed black hole mass distribution is
expected to correlate with redshift as long as it does not contain a representative sample
of galaxies.
Peak absolute magnitude
In panel b) of Fig. 6.7 we show the (K-corrected, Humason et al. 1956) peak absolute g-
band magnitudes, i.e. the peak luminosity measured at 6.3 1014 Hz in the rest frame,
plotted as a function of the black hole mass. We use the peak flux in the filter with the
best temporal sampling in the literature, together with the blackbody temperature (taken
from the literature, see Table 6.3) to calculate the peak g-band magnitude in the rest
frame of the host. Because we correct to the rest frame of the host galaxy, the specific
filter choice is irrelevant. We note that for several TDEs we can only determine upper
limits as the peak of the lightcurve was not observed. However, a visual comparison of
the lightcurves of these events with other well sampled lightcurves of TDEs suggests
that the peak was probably missed only by a few days and therefore the difference
should be small. We do not observe a statistically significant trend of peak absolute
magnitude with black hole mass.
The observations suggest that current optical/UV surveys are already probing the
fainter end of the TDE luminosity function (illustrated by the spread of optically/UV
discovered TDEs between –176Mpeak6 –21) although it is likely that this luminosity
function extends to even fainter sources. The bimodality in peak absolute magnitude is
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Figure 6.7: TDE observables as a function of black hole mass (or derived Eddington luminosity).
Panel a) shows the host redshift as a function of MBH. Panel b) presents the (K-corrected) peak
absolute magnitude as a function of MBH, while panel c) shows the peak blackbody luminosity as
a function of the implied Eddington luminosity. The lines represent constant Eddington ratios. In
panel d) we plot the decay rate (in the host rest frame) as a function of MBH. The dashed line
represents the theoretically expected peak fallback rate (see text) and is proportional to M 1/2BH .
not significant and can be explained by small sample statistics.
Eddington ratio
Using the blackbody temperature and the peak absolute magnitude, we calculate the
integrated blackbody peak luminosity LBB. We determine the uncertainties by varying
the temperature of the blackbody function within its errors. In panel c) of Fig. 6.7, we
compare LBB to the Eddington luminosity implied by our black hole masses. The lines
represent constant Eddington ratios, where the solid line represents the Eddington limit
(i.e. where LBB =LEdd). The peak luminosity of all TDEs is consistent with being at the
Eddington limit except for the two events with the highest black hole masses, which
have Eddington ratios of  0.02 for TDE1 and 0.07 for D3–13. These properties are
in agreement with simple dynamical predictions for the peak mass fallback rate _Mpeak,
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which give (e.g. Stone et al. 2013)
_Mpeak
_MEdd
 130 
0:1

MBH
106M
 3/2
M?
M
2
R?
R
 3/2
(6.4)
Here 6 1 is the radiative efficiency of the accretion flow produced by the tidal disrup-
tion of a star with mass M? and radius R? ( _MEdd  LEdd 1c 2). In this scenario, the
initial fallback rate is super-Eddington for lowmass SMBHs and most stars on the main
sequence. Nevertheless, if this simple fallback picture holds, the blackbody luminosity
is limited to the Eddington luminosity. For a typical lower main sequence star (M? = 0.3
M, R? = 0.38 R), the initial fallback rate following disruption will be sub-Eddington
when MBH> 107:13M, as is probably the case for TDE1 and D3-13. In these flares,
the fallback rate is likely sub-Eddington, and assuming that the luminosity tracks the
fallback rate, so is the optical emission. If emission mechanisms other than blackbody
operate, and depending on if these involve the emission of higher energy (e.g. X-ray)
radiation, this picture could change drastically.
Photometric evolution
In Fig. 6.7 panel d), we plot the decay rate from the peak of the lightcurve as a function
of MBH. Because of the heterogeneity of the available data, we use the best sampled
lightcurve, which is either the Swift NUV filter or the optical r or g filters. The temper-
ature evolution is observed to be near constant during the evolution of the flares (Hung
et al. 2017). This means that the choice of filter should not impact these measurements
significantly. The slope and its associated uncertainty are estimated using the standard
formalism of linear regression. Although this may not be the model that best fits the
data, it ensures that we can obtain a homogeneous set of measurements for all events.
We also correct for the effect of time dilation in the observer's frame by scaling the
measured decay rates with (1 + z) to obtain the decay rates in the rest frame of the host
galaxies (Weinberg 1972; Blondin et al. 2008).
The lowest mass black hole (iPTF–16fnl) hosted the fastest decaying TDE (see
Blagorodnova et al. 2017), and the most massive black hole (D3–13) has the slowest
decay timescale. The qualitative trend of a faster decay timescale with lower black hole
mass as observed here is predicted by theory from the assumption that the peak optical
luminosity traces only the peak mass fallback rate, which scales as _Mpeak/M 1/2BH
(Rees 1988) and is plotted as a dashed line to guide the eye (note that this is not a fit to
the data). However, the actual mechanism producing the optical emission is unknown
and therefore it is unclear if a tight correlation should be expected. Other parameters
such as the depth of the encounter (e.g. Dai et al. 2015), the properties of the star (Lodato
et al. 2009; Guillochon & Ramirez-Ruiz 2013) or the spin of the black hole (Kesden
2012) may all influence the photometric evolution of the flare.
6.4.5 The blackbody emission mechanism
We use the blackbody temperatures and luminosities to estimate the blackbody radius
where the emission is produced. If no uncertainty on the blackbody temperature is given
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Figure 6.8: Blackbody radius as a function of MBH. Overplotted are diﬀerent models for the origin
of the blackbody emission for various  values. The dotted lines represent a compact accretion
disk at 2Rp. The solid lines represent the stream self-intersection radius of a non-spinning black
hole. All curves are for tidal disruptions of solar type stars. The shaded regions illustrates the
eﬀect of increasing black hole spin on the self-intersection radius. These regions are plotted out
to a maximum MBH corresponding to the Hills mass for a retrograde equatorial TDE around a
BH with dimensionless spin parameter aBH=0.9. Somewhat larger SMBHs can still tidally disrupt
solar type stars, but our post Newtonian predictions for the self-intersection radius would not be
trustworthy for the most relativistic TDEs. The dashed grey line is the semi-major axis of the most
tightly bound debris stream.
in the literature, we assume it to be 10 per cent, similar to observed values (Table 6.3).
Uncertainties for the blackbody radius are obtained by standard error propagation, and
do not include systematic errors. Because we have accurate constraints on the black hole
masses, we investigate whether the estimated blackbody radii can discriminate between
two current theoretical models for the optical emission.
We consider a model where the emission arises directly from a compact accretion
disk, which forms at  2Rp (e.g. Phinney 1989). Alternatively, we consider a class
of models where the power source of the flare is dissipation of orbital energy in the cir-
cularization process (Lodato 2012), and the blackbody emission originates in shocks at
the stream self-intersection radius (Piran et al. 2015). Stream self-intersection is caused
by general relativistic apsidal precession, and scales steeply with the ratio of Rp to the
gravitational radius Rg = GMBH/c2. For this reason, Dai et al. (2015) argue that shal-
low encounters (at low  = RT/Rp, the penetration factor of the fatal orbit) circularize
relatively far from the BH, leading to optical/UV emission, while high  encounters
produce X-ray TDEs.
We estimate the self-intersection radius RSI by considering the orbits of test particles
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Figure 6.9: Similar to Figure 6.8, but now illustrating the eﬀect of varying stellar structure with
the mass of the disrupted star on the stream self-intersection radius. We show the self-intersection
radii of a 0.1 M star (dashed coloured lines), a 1 M star (solid lines) and everything in between.
around a SMBH. Averaged over one orbit, general relativistic apsidal precession causes
the argument of pericenter ! to advance by an amount
! = AS   2AJ cos ; (6.5)
at leading post-Newtonian order. In this equation, the contributions to apsidal precession
from the black hole mass and spin-induced frame dragging are AS and AJ, respectively,
and are given by (Merritt et al. 2010)
AS =
6
c2
GMBH
Rp(1 + e)
 11:5
 
~Rp
47:1
! 1
(6.6)
AJ =
4aBH
c3

GMBH
Rp(1 + e)
3/2
 0:788
 
~Rp
47:1
! 3/2
aBH (6.7)
In the above equations, the orbital pericenter, eccentricity, and inclination (with respect
to the BH equatorial plane) are Rp; e; and , respectively. The BH possesses a mass MBH
and a spin aBH. Likewise, ~Rp is the orbital pericenter normalized by the gravitational
radius Rg, and ~Rp = 47:1 for a 106 M SMBH. The approximate equalities on the
right assume highly eccentric orbits (1 + e  2).
We now limit ourselves to the case of coplanar orbits, i.e. we assume that the orbital
plane of the star is perpendicular to the spin axis of the BH. If we assume apsidal preces-
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sion occurs impulsively at pericenter, we find that the debris stream will self intersect
at a distance (Dai et al. 2015)
RSI =
Rp(1 + e)
1 + e cos( + !/2) (6.8)
Stream self-intersectionmay be greatly complicated by inclined orbits undergoing nodal
precession (Guillochon & Ramirez-Ruiz 2015; Hayasaki et al. 2016), but this is pri-
marily due to small vertical offsets between debris streams; the projected radius of self-
intersection will not deviate greatly from Eq. 6.8 unless ~Rp  1. In computing the depth
 of each encounter, we take the tidal radius RT  R?(MBH/M?)1/3. Here M? and R?
are the mass and radius of the victim star, respectively, and we assume the lower main
sequence relationship R? /M0:8? (Kippenhahn & Weigert 1990).
In Figure 6.8we show the expected emission region in the case of the compact accre-
tion diskmodel (dotted lines), while the solid (dot-dashed) lines represent Schwarzschild
(Kerr) stream self-intersection radii. The shaded areas illustrate the effect of increasing
black hole spin (aBH), while the different colours represent different impact parame-
ters, with  1 being the most common type of event (Stone & Metzger 2016). The
shaded areas below the solid lines represent retrograde spin values (aBH6 0), while the
area above the solid line corresponds to prograde spins (aBH> 0). A retrograde spin in-
creases the amount of apsidal precession, which decreases the stream self-intersection
radius (Dai et al. 2015). Conversely, a prograde spin diminishes the apsidal preces-
sion, forcing a self-intersection at larger radius. Our mass and radius measurements are
overplotted as black dots.
The dotted lines in Figure 6.9 are the same as in Figure 6.8, while the dashed and
solid lines illustrate the effect of stellar mass; here the mass of the disrupted star is
M? = 0.1M andM? = 1M, respectively. In this casewe have assumed a non-spinning
(Schwarzschild) BH.
Our inferred blackbody radii, which can be interpreted as the location from which
the blackbody emission (at peak brightness) originates, are consistent with the self-
intersection radius of shallow impact encounters ( 1–2), regardless of the BH spin
or mass of the disrupted star. A scenario involving an accretion disk which extends to
a few tens of gravitational radii from the black hole can be ruled out as the origin of the
blackbody luminosity at peak brightness by our measurements. It is clear from Figures
6.8 and 6.9 that the stream self-intersection radius (at fixed MBH) is more sensitive to
the mass of the disrupted star than it is to increasing black hole spin. While the degener-
acy between aBH and M? precludes us from inferring the specific combination of black
hole spin, impact parameter and stellar mass of the TDEs in our sample, it does allow
us to conclude that the most likely region of origin for the blackbody emission for all
optical/UV TDEs is at the stream self-intersection radius of low  encounters, lending
empirical support to the stream-stream collision model for the power source of optical
TDEs at peak brightness. However, we note that –while this data is deeply inconsis-
tent with simple models of compact accretion disks –accretion-powered reprocessing
models may still be able to explain the observed optical photospheres provided that the
reprocessing layer is formed near the stream self-intersection point. The circularization
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process is still poorly understood, but our results suggest that accretion-powered repro-
cessing models will only remain viable explanations for TDE optical emission if de-
bris circularization naturally produces optically thick photospheres on self-intersection
scales.
The shock-powered model of Piran et al. (2015) predicts that for a circularization
powered flare the peak luminosity should depend only weakly on MBH, in agreement
with our observations (panel b, Fig. 6.7). This model also naturally explains the shrink-
ing of the observed blackbody radius over time (Hung et al. 2017) as an inward drift of
the shock after debris that has passed through pericenter settles into more circular orbits
(Piran et al. 2015). However, we do not find a clear correlation between the blackbody
temperature and black hole mass as predicted by the same model.
It is important to keep in mind that the precise value of the stream self-intersection
radius depends on the combination of parameters , aBH and mass of the disrupted star.
We note that a complete disruption requires & 1.85 for low mass stars, and & 0.95
for Sun-like stars (Guillochon & Ramirez-Ruiz 2013). Although all the sources in Fig-
ure 6.9 are consistent with this criterion, the figure suggests that some TDEs are due
to low  encounters of stars near the high mass end of the stellar mass function (M? 1
M) rather than due to 0.3M stars, as expected from the initial mass function (Kochanek
2016). It is unclear if a selection bias in the current TDE sample could cause this ten-
sion. On the other hand, we remark that a non-zero, prograde BH spin can increase the
self-intersection radius at given  and disrupted stellar mass. We speculate that the dis-
crepancy could decrease if some of the SMBHs in our sample have non-zero prograde
spins.
6.4.6 Implications for the TDE rate
Based on theoretical arguments, it has been proposed that the rate of TDEs should be
dominated by the lowest mass galaxies hosting black holes (Magorrian & Tremaine
1999; Wang & Merritt 2004; Stone & Metzger 2016). It is unclear how this theoreti-
cal TDE rate translates into a observed TDE rate. At present, there is a strong tension
between the observed ( 10 5Mpc 3 yr 1, e.g. Donley et al. 2002, van Velzen & Far-
rar 2014, Holoien et al. 2016a) and theoretical ( 10 4Mpc 3 yr 1, e.g. Magorrian &
Tremaine 1999, Wang & Merritt 2004) TDE rates. Stone & Metzger (2016) study the
effect of a number of parameters and assumptions that go into the theoretical and ob-
servational rate calculations, and conclude that there is no straightforward way to bring
the two closer together.
Our mass distribution (Figure 6.6) shows that the observations qualitatively agree
with the theoretical expectation that the sample of optical TDEs should be dominated
by disruptions in galaxies hosting low mass ( 106 M) black holes (see e.g. fig. 6 in
Kochanek 2016). The fact that we observe TDEs in lower mass black holes than pre-
viously assumed has important consequences for the inferred TDE rate. In particular,
there are a number of physical mechanisms that can act to reduce the TDE luminosity
(and thus observed rate) for BH masses below106:5 M. For example, Guillochon &
Ramirez-Ruiz (2015) argue that inefficient circularization affects the TDE energy out-
put for MBH6 106M, while Metzger & Stone (2016) suggest that adiabatic losses in a
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slow and dense outflow may reduce the blackbody luminosity of TDEs around 106M
black holes. However, our work illustrates that the current TDE sample is dominated
by  106M black holes and contains several BHs with lower masses. Therefore, the
current rate estimates apply to this low mass regime and cannot be invoked to explain
the discrepant TDE rates. In other words, we find the possibility of a hidden population
of TDEs around low mass (105 6 M) BHs as an explanation for the rate discrepancy
unlikely. Moreover, his is further supported by the fact that we do not observe a strong
correlation between the TDE peak luminosity and black hole mass, which implies that
any selection effect due to the low volume probed by TDEs around low mass BHs does
not significantly affect the current sample (at least down to MBH 106M).
6.4.7 Intermediate mass black holes
Our TDE selected host galaxy sample suggests that there is a large, hidden population
of low mass black holes lying dormant in the centers of galaxies. Low mass black holes
are notoriously hard to find, even when they accrete from a steady reservoir of gas.
Some searches exploit the short timescales of X-ray variability to separate low from
high mass black holes (e.g. Greene & Ho 2007). Alternatively, scaling relations based
on optical emission lines (Kauffmann et al. 2003) or virial based techniques can be
used to estimate MBH in active galaxies (Reines et al. 2013). Kauffmann et al. (2003)
show that the AGN fraction in low mass galaxies in the local Universe (0.026 z6 0.3)
does not rise above a few per cent, while Gallo et al. (2010) find that the AGN fraction
decreases with increasing SMBH mass. The large majority (> 95%) of black holes
in low mass galaxies are therefore currently hidden from our view, and TDEs can be a
powerful tool to find and study the demographics of low mass galaxies and their low
mass central SMBHs.
If the mass distribution of our sample of TDE hosts is representative for the pop-
ulation of all optical/UV TDE host galaxies, this holds exciting prospects for finding
intermediate mass black holes in the local universe. In the near future, optical surveys
such as performed by the Zwicky Transient Factory (ZTF), Gaia and the Large Sky
Synoptic Telescope (LSST) are expected to uncover thousands of TDEs and thus large
numbers of low mass black holes. This can open up a new avenue for the systematic
study of IMBH formation and evolution, and the galaxies in which they reside. Using
TDEs as an independent probe for BHs in low mass galaxies, mass measurements on
this future sample of TDE host BHs will shed light on the validity of the M– relation
at the low end (see Figure 6.5), and will help constrain the black hole occupation frac-
tion at the low mass end. The existence and masses of IMBHs in low mass galaxies are
an important tool to differentiate between SMBH formation scenarios (e.g. Volonteri
et al. 2008b), and can enable the study of the main mechanisms for low mass SMBH
growth and evolution as well as their formation. For example, different seed models
leave different (and observable) imprints on the current (z = 0) MBH mass function
(Volonteri 2010).
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6.5 Conclusions
We present the first systematic black hole mass measurements for a sample of TDE
host galaxies in the Northern sky using the M– relation. Our host galaxy sample of
optically/UV selected TDEs encompasses 12 sources, and is complete down to ghost = 22
mag, spanning a redshift range between 0.016 and 0.37. We use medium resolution
spectroscopic observations in combination with the penalized pixel fitting routine to
extract the line of sight velocity distributions, and in particular the velocity dispersions.
Care is taken to correct for the instrumental broadening, and we study the effect of using
the luminosity-weighted LOSVD as a proxy for the central velocity dispersion. We find
that the luminosity-weighted LOSVD agrees well with the central velocity dispersions.
Using the M– relation from Ferrarese & Ford (2005) we convert the velocity
dispersion measurements into black hole masses. Our galaxies host black holes with
masses ranging between 3105M6MBH6 2107M. Ourmass distribution agrees
with theoretical estimates; the optical TDE population is dominated by lowmass ( 106
M) black holes. We find suggestive evidence for a correlation between the black hole
mass and redshift, which is expected for a flux-limited sample. Furthermore our obser-
vations reveal tentative evidence for a correlation between the photometric evolution
timescale (decay rate) and the mass of black hole: TDEs around lower mass black holes
evolve faster. We note that these correlations are not statistically significant, potentially
due to both the uncertainties on the observables and the small sample size. The black-
body emission of our sources is consistent with being at the Eddington limit at peak
brightness, except for the two sources with MBH> 107:1M for which the Eddington
ratio is 6 0.1. These properties corroborate the standard TDE picture as a satisfactory
explanation for these events.
Regarding the origin of the blackbody emission, we compare the blackbody radii
of the flares with models proposed to explain the origin of the emission, including a
compact accretion disk and shocks due to stream self-intersections. We find that the
emission region at peak brightness is located more than 100Rg from the black holes,
and is consistent with the stream self-intersection radius of disruptions at low  1 – 2.
This rules out a compact accretion disk as the direct origin of the blackbody emission,
and suggests that at peak luminosity, TDEs are powered by shocks due to stream-stream
collisions rather than directly by accretion power.
Finally, our finding that TDEs frequently occur in lowmass ( 106M) black holes
implies a worsening of the rate discrepancy between theoretical and observational rates.
This follows by noting that several mechanisms predict a lower flare brightness for
TDEs in low mass6 106:5M BHs, while our observations show that the current TDE
sample is dominated by such events. This may not be true if the currently observed TDE
rate is only a small fraction of the true TDE rate (e.g. due to other selection effects).
Our results suggest that there is a large population of dormant, lowmass black holes
hidden at the centres of local galaxies. TDEs could provide an opportunity to uncover
this population through (near-) future time domain surveys, which are expected to find
thousands of TDEs per year. The sample of TDE host galaxies may be useful to con-
strain the properties of low mass black holes, as well as the formation channels and
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dominant growth and feeding mechanisms of SMBHs.
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Abstract
The ESA Gaia satellite scans the whole sky with a temporal sampling ranging from seconds and
hours to months. Each time a source passes within theGaia field of view, it moves over 10 CCDs
in 45 s and a lightcurve with 4.5 s sampling (the crossing time per CCD) is registered. Given
that the 4.5 s sampling represents a virtually unexplored parameter space in optical time domain
astronomy, this data set potentially provides a unique opportunity to open up the fast transient
sky. We present a method to start mining the wealth of information in the per CCD Gaia data.
We perform extensive data filtering to eliminate known on-board and data processing artefacts,
and present a statistical method to identify sources that show transient brightness variations on
. 2 hours timescales. We illustrate that by using the Gaia photometric CCD measurements, we
can detect transient brightness variations down to an amplitude of 0.3 mag on timescales ranging
from 15 seconds to several hours. We search an area of  23.5 square degrees on the sky, and
find four strong candidate fast transients. Two candidates are tentatively classified as flares on
M-dwarf stars, while one is probably a flare on a giant star and one potentially a flare on a solar
type star. These classifications are based on archival data and the timescales involved. We argue
that the method presented here can be added to the existing Gaia Science Alerts infrastructure
for the near real-time public dissemination of fast transient events.
7.1 Introduction
During the last decade, a number of intriguing new classes of short timescale transient
events have been discovered. Such discoveries often happen serendipitously or after
analysis of archival data, implying that the transient has faded to pre-detection levels
long before any follow up observations can be performed. These discoveries can trig-
ger a suite of new surveys and experiments in an attempt to uncover and characterize
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the new classes of transients. For example, the detection of a bright milli-second dura-
tion burst in archival radio data by Lorimer et al. (2007) prompted a new field of radio
astronomy devoted to these so-called fast radio bursts (FRBs). Despite the subsequent
discovery of additional events, including a repeating FRB (e.g. Champion et al. 2016;
Spitler et al. 2016), the nature of these short, probably extragalactic flashes remains a
mystery with many theories to explain its properties (Chatterjee et al. 2017, and refer-
ences there-in). In another part of the electromagnetic spectrum, several fast ( 10s –
100s of seconds duration) large amplitude X-ray flashes were found (e.g. Jonker et al.
2013; Glennie et al. 2015; Bauer et al. 2017) in archival X-ray observations. Similarly
to the fast radio bursts, the nature of these events is still debated.
At optical wavelengths, there are several classes of known and theoretically pre-
dicted short duration transients ranging from flares on M-dwarf and solar-type stars
(Maehara et al. 2015) to the prompt optical emission of gamma-ray bursts (Yi et al.
2017) and the tidal disruption of white dwarfs (WDs) by an intermediate mass black
holes (IMBHs; Rosswog et al. 2009; MacLeod et al. 2016). A disadvantage of opti-
cal observations compared to X-ray or radio observations is that it is much harder to
obtain deep, high time resolution observations of a significant area on the sky. As a
consequence, the parameter space of optical variability on  second timescales is still
virtually unexplored. Early work by e.g. Pedersen et al. (1984) was not followed up
spectroscopically. Current optical sky surveys, such as the All-Sky Automated Sur-
vey for Supernovae (ASAS–SN), intermediate Palomar Transient Factory (iPTF) or
the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS; Cham-
bers et al. 2016), are sampling the sky with cadences down to a few hours (see e.g.
Berger et al. 2013), while the upcoming Large Synoptic Survey Telescope (LSST) will
reach a cadence of  20 minutes (LSST Science Collaboration et al. 2009). There ex-
ist some surveys that reach cadences of one to a few minutes (e.g. the OmegaWhite
Survey, Macfarlane et al. 2015 or the Kepler K2 short cadence mission e.g. Gilliland
et al. 2010), but survey depth or sky coverage are usually sacrificed to reach shorter
cadences.
TheGaia satellite (Gaia Collaboration et al. 2016a,b) is performing an all sky survey
with a range of cadences going from seconds to hours and weeks, and therefore has the
potential to be used to search for variable stars (Clementini et al. 2016; Eyer et al. 2017),
traditional transients (Hodgkin et al. 2013) and fast variables (Roelens et al. 2017) and
transients. Ultimately, it will provide lightcurves at a minimum time resolution of 4.5 s
for all sources brighter thanG= 20.7mag. ThereforeGaiawill provide a unique data set
including the first all sky survey with seconds time resolution at optical wavelengths.
Given that this parameter space is still largely unexplored, Gaia has the potential to
revolutionize our view of the fast transient optical sky.
Software infrastructure to exploit theGaia all sky data to search for and disseminate
alerts of transient events in near real-time already exists (Hodgkin et al. 2013). The
data processing pipeline and search algorithms will be described in detail in Hodgkin
et al. (in prep.). The data processing and filtering employed in our work is similar in
scope and nature, with the important difference that the current Gaia Alerts pipeline
uses median source magnitudes per transit (i.e. the median of the 9 astrometric field
CCD measurements) as the input to their detection algorithms. In combination with
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the requirement of source detection as an outlier in two transits, this implies that such
a search is not sensitive to transient events below 106 minutes but tailored to longer
timescales such as outbursts in cataclysmic variables, (super)novae, tidal disruption
events and microlensing events. The goal of this work is to explore the feasibility of
using Gaia data to find transient events on short (6 2 hours) timescales using the 4.5 s
cadence lightcurves.
The article is organized as follows: we describe the data and the filtering process to
obtain a clean sample ofGaia data in Section 7.2. Next, we describe our outlier detection
algorithm in Section 7.3, and apply it to the Gaia data to illustrate the potential of Gaia
as a fast transient detection machine in Section 7.4. We summarize and discuss future
developments in Section 7.5.
7.2 Description of the Gaia data
TheGaia satellite is an ESA cornerstonemission that was launched in 2013with the aim
of mapping the brightnesses and positions of a billion stars (Gaia Collaboration et al.
2016a). Recently, the firstGaia data were released in Gaia Data Release 1 (GDR1; Gaia
Collaboration et al. 2016b). This data set consists of astrometry and photometry of over
1 billion stars brighter than G= 20.7 mag. Gaia has currently observed a staggering 81
billion transits in its more than 1000 days of routine operations.
Gaia scans the sky with two telescopes pointing in directions separated by an angle
of 106.5 on the sky. The satellite spins with a rate of 60 arcsec s 1, leading to one
full revolution of the satellite spin axis every 6 hours. A slow precession of the spin
axis with a period of 63 days around the solar direction ensures full sky coverage (see
Lindegren et al. 2016 and van Leeuwen et al. 2017 for more details about the scanning
law and sky coverage). The spinning motion of Gaia requires the detectors to be op-
erated in time-delayed integration (TDI) mode, in which the charge accumulated due
to an astrophysical source is propogated in the along-scan (AL) direction at a match-
ing rate. Brightness measurements are available after each CCD crossing. Due to the
scanning pattern, Gaia will observe each position on the sky on average between 50
and 250 times during the 5 year nominal mission duration, depending mainly on the
ecliptic latitude.
The two fields-of-view (FoVs) are projected on the same focal plane, which con-
sists of 106 CCDs. The Gaia detector plane is described in detail in van Leeuwen et al.
(2017); here we briefly introduce the most relevant concepts for our work. Two columns
of 7 CCDs (called star mappers, or SMs) are used to perform the on-board source de-
tection; each SM is associated with 1 FoV only, while the light from the other FoV is
blocked by a baffle. The astrometric portion of the detector plane consists of 9 columns
of 7 CCDs each. All these CCDs operate in theGaiawhite-light band-pass (theG filter;
Carrasco et al. 2016). Verification of the source detection is performed on the first col-
umn of astrometric field (AF) CCDs. Each detected source is allocated a window1 (see
e.g. Figure 7.1), the size of which depends mainly on the brightness. In addition each
1A window constitutes a number of pixels in the along-scan and across-scan directions.
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window has an associated gate andwindow class, again dependingmainly on the bright-
ness of the source. The allocated windows are propagated across the detector plane as
the satellite scans the sky. Given the Gaia spin rate, it takes approximately 4.5 seconds
for a source to traverse 1 CCD and  45 – 502 seconds to traverse the SM+AF portion
of the focal plane. A source brightness measurement is available after each CCD cross-
ing, yielding a lightcurve with a total span of 45 – 50 seconds and a cadence of 4.5 s.
Gaiawill thus provide (sparsely sampled) high time resolution lightcurves of the whole
sky, with on average  500 – 2000 photometric observations by the end of the nominal
(5 year) mission. We will refer to the traversal of a source across the Gaia focal plane
as a transit.
The Gaia data are processed in several data centers across Europe, where each Co-
ordination Unit (CU) performs specific data reduction and validation tasks (Gaia Col-
laboration et al. 2016a). Following this reduction and validation, there are a number of
flags and consistency checks that are added as the data flows through the data reduction
pipeline.
7.2.1 Further data processing
Before we describe the statistical analysis applied in our search for fast transient events,
we first briefly describe the flags and filtering steps that we will use to obtain a cleaned
data sample of per CCD photometric measurements. Most of the filtering applied here
concerns consistency checks for each transit; if there are flags indicating that the transit
may be compromised, we remove it from the data associated to a source. Each source
detected byGaia has an ID, and likewise each transit also has an ID. For a more detailed
description of the meaning of all the flags discussed below we refer to the Gaia DR1
documentation3 and Hodgkin et al. (in prep.). We note that we do not use GDR1 data as
it does not contain the per CCD measurements. Instead, we use the database dedicated
to theGaia Science Alerts project to perform our analysis. A similar filtering procedure
is also implemented in the Gaia Science Alerts pipeline (Hodgkin et al., in prep.).
During the initial data treatment (IDT; Fabricius et al. 2016), flags that indicate
whether the processing of the individual measurements have been performed nomi-
nally are provided. Transits can be blacklisted as bright star artefacts. When no space-
craft attitude is available to compute the sky positions or when either the astrometry or
photometry are thought to be compromised because of irregular mission events, tran-
sits are also flagged. For example, in the early life of the Gaia mission, there was a
decrease in the system throughput of the optical train due to contamination by water ice
(Evans et al. 2017). All transits occurring while the spacecraft was affected are removed
from the data. Additionally, for our analysis we are conservative and discard transits
that have more than 1 missing datapoint, as this implies that something has likely gone
awry during the data processing chain (but did not necessarily get flagged). We check
that the gate and window class configurations are compatible with each other and with
2Sources detected on SM1 must traverse the physical size of SM2 before reaching AF1, leading to a
lightcurve that spans 50 s instead of 45 s, although the number of measurements is the same for SM1 and
SM2.
3https://gaia.esac.esa.int/documentation/GDR1/pdf/GaiaDR1_documentation_1.0.pdf
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the brightness of the object at AF1. Transits with missing windows, charge injections or
near the CCD edges are all removed. Each time Gaia scans the same part of the sky, a
cross match is performed to identify to which historic source ID (if any) the new obser-
vation belongs to. Flags are provided to keep track of ambiguous detections (i.e. sources
that have more than one match candidate); we only keep transits that are clean matches,
meaning that only one candidate was found during cross matching. This ensures that
the source is isolated and there is no possible source confusion.
Owing to the spacecraft precession, sources in the Gaia FoV do not move perfectly
parallel in the AL direction, but also move in the across-scan (AC) direction (perpendic-
ular to the AL direction; this motion is called AC drift). An allocated window can move
as much as 4.5 pixels in the AC direction during a single CCD transit (Fabricius et al.
2016). Because most windows are binned in the AC direction (for faint sources), and
GDR1 only contains average flux measurements from a FoV transit, this does not affect
the GDR1 measurements significantly (Fabricius et al. 2016). The amount of AC drift
depends on the AC position of the source and the scanning angle, and is not the same for
sources at the same location in the focal plane but in different FoVs. This shift changes
during a revolution, and is updated regularly as a source crosses the focal plane. How-
ever, the two FoVs are affected differently, which can lead to non-rectangular windows
and associated flux losses, or windows may suddenly enter in conflict with windows
from the other FoV. If a window of a source in 1 FoV crosses over a window from
a source in the other FoV, this can create apparent brightness variations at the CCD
level dubbed parasitic sources. Because the effect depends on the relative positions
of the windows, which are unlikely to be exactly the same for different transits (due
to the specific scanning law Gaia employs and because windows are assigned without
memory, or in other words the window position for a given source can be different for
different transits), this can cause an apparent transient brightening in the lightcurve. We
show an example of such an event in Figure 7.1. If these events are short enough they
can be rejected at the detection stage (Section 7.3). However, this effect can also create
a monotonic increase in the source flux over the transit, which fits the criteria of our
search algorithm. Such events are spurious but otherwise indistinguishable from real
astrophysical transients based on the photometry alone. We identify such sources based
on the so-called goodness of fit (g.o.f.), which is an image parameter diagnostic based
on a 2 fit of the line spread function4 (LSF). When two windows overlap, the sum of
the two individual LSFs does not correspond to the LSF of a single source (because the
sum of LSFs changes over time). As a consequence, overlapping windows cause a de-
terioration of the g.o.f. over time, and can be identified as transits that have anomalous
or highly variable g.o.f. values. These transits are suspect and we remove them from
the data.
As a final step, we require a source to have at least 5 clean transits. This is necessary
because our outlier detection algorithm depends on the statistical properties of the data;
too few datapoints will make the analysis potentially unreliable. It also implies that our
search is currently only sensitive to sources with a historic lightcurve, and not to tran-
4The line spread function is the 1-dimensional equivalent of the traditional point spread function. Faint
sources are allocated 1-dimensional windows by Gaia to reduce the data volume.
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sient sources that appear new to the Gaia source catalogue. The filtering as described
above yields a data set that is free of known on-board and data processing artefacts,
and forms the basis of the rest of our analysis. For a clear overview, we summarize the
filtering steps applied for each transit as a bulleted list:
• Not blacklisted by IDT
• Less than 1 missing datapoint
• Compatible gate, window class and source brightness
• No missing windows
• Not near charge injection
• Not near CCD edge
• Clean cross-match
• Well-behaved g.o.f.
In addition, there are a number of situations that can introduce apparent brightness
variations in the per CCD Gaia data. These can be identified by investigating the en-
vironment of a source as they are generally related to close neighbouring sources or
bright stars.
7.2.2 Environment analysis
Any source that is not the dominant source (defined here as the brightest source by
1 mag or more) within a 2 arcsec radius is rejected as it may be confused with its
neighbour, leading to an artificial flux variation due to a bad cross match. Similarly,
if stars brighter than G= 12 mag are within 10 arcsec of a source, it is rejected due to
the large probability of contamination. We also reject sources for which the position of
the brightening transit is clearly inconsistent with the scatter on the quiescent source
position, indicating that the variability is potentially caused by another source nearby.
In addition, diffraction spikes around relatively bright stars are known to cause prob-
lems in the lightcurves of Gaia objects, either because of spurious source detections
along the diffraction spikes or by artificially increasing the source flux if a diffraction
spike overlaps with a source window. For each candidate transient we search a circular
region with radius 1 arcmin centered on the source for stars brighter thanG= 12 mag. If
such a bright source is present, we use the scan angle of the transit to estimate whether a
diffraction spike could be the cause of the increased brightness (diffraction spikes occur
in preferential directions; see Hodgkin et al. in prep. for a more detailed description).
We reject candidate fast transients that are potentially located on a diffraction spike.
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7.2.3 Contamination from the secondary FoV
The analysis described above aims to exclude all known data artefacts as well as po-
tential environmental issues such as contamination due to nearby neighbouring stars
or parasitic sources. Due to the organistation of the Gaia data, this is fairly trivial and
computationally not very expensive to perform for the same FoV. However, because
both FoVs pass over the same detector plane but are processed independently, it is pos-
sible that environmental issues arise due to sources on the alternate FoV (i.e. the FoV
where the source is not located), for example the presence of a bright star and associ-
ated diffraction spikes on the alternate FoV. To perform this analysis, it is necessary
to reconstruct the window positions and velocities of each source in the alternate FoV;
this information is currently neither readily available nor easy to reconstruct given that
the accuracy of the source position reconstruction must be at the  pixel level. This
is beyond the scope of the current work, but will be performed in the future. To miti-
gate this effect to first order, we determine the Galactic coordinates of the center of the
opposing FoV for the transit that triggers our detector, and reject transients for which
this corresponds to locations near the Galactic plane (at Galactic latitude jbj6 15) as
the source density is expected to be high, hence the probability of such contamination
occurring increases.
7.3 Outlier detection
The aim of our work is to robustly identify transient events on short timescales (6 2
hours). Because the method needs to be scalable to the large data volume thatGaia col-
lects every day, we choose to use the standardized skewness () and the von Neumann
statistic () of the lightcurve (see e.g. Price-Whelan et al. 2014; Wyrzykowski et al.
2016 for applications to microlensing searches). The former metric allows us to de-
fine a selection criterion to remove sources exhibiting stochastic / periodic variability,
while a selection criterion based on  allows us to select smooth variations (in contrast
with single data point outliers induced by e.g. cosmic rays). The von Neumann statistic
is defined as the ratio of the mean square successive difference to the variance (von
Neumann 1941)
 =
2
s2
=
1
n 1
n 1P
j=1
(xj+1   xj)2
s2
(7.1)
A strong positive serial correlation (trend) between datapoints will lead to a low von
Neumann statistic, and indicates smooth variability as opposed to single (or no) out-
liers, which will lead to  2 values. Similarly, near constant or periodically variable
sources will have a low skewness, while the presence of outliers increases the skew-
ness of a lightcurve. We use the combination of these two metrics to characterize each
lightcurve, and the problem of finding transient events is reduced to efficiently deter-
minining the parameter space which contains lightcurves exhibiting transient events.
The analysis is performed at HEALpixel (HP) level 5 (Górski et al. 2005), which divides
the sky in 12288 pixels with an approximate size of 3.36 square degrees per pixel. We
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Figure 7.2: Top: von Neumann and skewness diagram of HEALpixel 2893, containing  9600
sources. Constant or periodically variable lightcurves are located at the locus around =0, while
lightcurves containing no or non-sequential outliers tend towards =2. The outliers from these two
loci represent the lightcurves containing potential transients. Bottom: Illustration of the positions
of the artiﬁcial transients in (, ) space. Diﬀerent markers indicate the amplitude of the transients,
ranging from 6 1.5 mag (red stars), between 1.5 and 2 mag (blue triangles), between 2 and 2.5
mag (orange diamonds) up to > 2.5 mag (green squares).
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apply the analysis to HPs (nested ordering) with following IDs: 285, 859, 2893, 2904,
5731, 7788 and 8286. These HPs were selected to cover relatively uncrowded regions
(between 9600 and 83000 clean sources per HP), to avoid cross match problems asso-
ciated to regions with high stellar densities. They span an area of approximately 23.5
square degrees on the sky, and the typical (uncleaned) lightcurve contains about 40 – 50
transits observed during the nominal mission. The exception is HP859, which has been
observed roughly 90 times byGaia during the nominal scanning law mission. We show
an example of a (, )-diagram in Figure 7.2 for HP2893. It is clear from the figure
that the scatter in the skewness increases as  increases. These lightcurves most likely
have only a few outlying (potentially non-consecutive) datapoints given their high von
Neumann values and therefore we aim to reject them as candidate fast transients due to
the risk of contamination from spurious events.
7.3.1 Artiﬁcial transient events
The precise shape of the (, ) diagram is different for each HP. In order to gain some
insight into the relevant parameter space, we add short, artificial transient events to
existing Gaia lightcurves. To this end, we randomly select 50 lightcurves and inject a
rising transient with the following properties:
• The starting time of the transient is random
• The transient duration is between 4 and 10 datapoints (18 – 45 s)
• The peak amplitude is 0.3 to 3.5 mag above the quiescent brightness
• The transient is back in quiescence in the next Gaia observation
We show the resulting lightcurves with respect to the cleanGaia lightcurves in the right
panel of Figure 7.2. The figure shows that part of the lightcurves with artificial transients
occupy a distinct parameter space in the diagram. The transient lightcurves generally
occupy the parameter space bounded by (roughly) 6 0.75. This is a consequence of the
minimum duration of the transient events that we injected in the lightcurves. Because
our goal is to assess the potential of the per CCD Gaia data to identify fast transient
events, we choose to minimize the false positive identifications by requiring 6 0.75
for the rest of our analysis.
While we use  as a rejection criterion for likely spurious, short duration events, the
skewness of the lightcurve is mainly influenced by the amplitude of the variability (al-
though there is also some dependence on event duration). In Figure 7.2 (right panel) we
illustrate how the amplitude of the transients influences their position in the diagram.
Black dots represent the cleaned Gaia data, while red stars, blue triangles, orange dia-
monds and green squares represent transients with increasing amplitudes ranging from
6 1.5 mag to > 2.5 mag in steps of 0.5 mag.
We exploit the isolation of the lightcurves in the skewness metric to robustly select
outliers. We use the mean and standard deviation of the skewness distribution of the
cleaned Gaia lightcurves with 6 0.75 to set the selection threshold. In Figure 7.3 we
illustrate the selection boundaries for respectively 3 and 5 using the dashed and solid
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Figure 7.3: Cleaned Gaia data of HP2893. The red horizontal lines indicate selection criteria of
3 (dashed) and 5 (solid); the vertical red line indicates a cut at 6 0.75. The two sources in
the upper left quadrant (deﬁned by the solid lines) are identiﬁed as candidate fast transients.
horizontal lines. We retain all sources that are > 5 from the mean as robust outliers,
and will investigate them in more detail.
To obtain an estimate of the completeness of the method, we inject transients in
1000 lightcurves of a given HP. The resulting recovery fraction, based on the thresholds
detailed above, is shown in Figure 7.4 as a function of the transient amplitude with
respect to the baseline for HP2893. We find that, as expected, we recover an increasing
fraction of outliers with increasing transient amplitude. The low recovery fraction at
low peak amplitudes is due to the conservative constraints applied in the analysis to
minimize the number of false positives at the expense of a lower detection probability.
In future work we will aim to improve the recovery fraction of low amplitude transients
(but see Section 7.4 for an example of such an event).
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Figure 7.4: Recovery fraction of artiﬁcial transients as a function of transient amplitude for HP2893.
7.4 Results
In the 7 HP trial dataset, eight candidate fast transients survive our filtering and selec-
tion procedures, and we list their coordinates and Gaia magnitudes together with the
duration and amplitude of the transients in Table 7.1. We cross match these sources with
the SDSS and Pan–STARRS catalogues when available, and provide the r0 – i0 colour
index. This index can be used to estimate the spectral type of late type stars (Hawley
et al. 2002). When the source position is located within the survey footprints, we vi-
sually inspect the close environment of the candidates to confirm that an astrophysical
source is present in these surveys.
For 6 out of 8 sources (the exceptions being FastGaiaTransient (FGT) 1 and FGT2),
one of the Gaia FoVs is pointing near the Ecliptic plane at the time of the transient
event, implying that some of these brightness variations may be caused by solar system
objects (SSOs) passing through the FoV. We will argue below that for at least two of
these sources (FGT3 and FGT4), this is unlikely to be the case and these are robust
astrophyical transients. We use the Skybot service (Berthier et al. 2006) to check if any
known SSOs could be the cause of the brightness variations. In two cases (FGT5 and
FGT7) there is a known asteroid within 500 arcsec, however, the SSO optical bright-
nesses (V = 20.7 and 21.8 mag, respectively) cannot explain the increased brightness of
0.7 and 1.5 mag respectively. Therefore we conclude that no known SSO is the cause
of the transient events discussed here. We now briefly discuss the four most robust can-
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Figure 7.5: Lightcurves of FGT1 (panel A) through FGT4 (panel D). Each panel consists of 2
ﬁgures: the top ﬁgure shows the concatenated lightcurve for display purposes, with a running
number per CCD crossing (i.e. time increases with running number). 10 measurements constitute
1 transit. The inset shows a zoom-in to the transient event. The bottom panel shows the actual
time spacing of the observations, in Julian days.
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didates in some more detail. We dub these robust because there is either archival data
available that corroborates with the interpretation of the event, or they are not located
near the Ecliptic plane and it is therefore highly unlikely that the transient is due to an
unknown SSO.
We show the lightcurve of FGT1 in Figure 7.5 (panel A). This source is coincident
with a red star in the SDSS catalogue. Its r0 – i0 colour = 2.1 indicates a spectral type
of M5–6V (Hawley et al. 2002). The brightness is monotonically declining during the
outlying transit at a rate of  0.2 mag min 1. We therefore tentatively classify this
transient as a flare on a M-dwarf star.
FGT2 coincides with a star with colour index r0 – i0 = 0.21, which does not point
towards a late type star. The lightcurve (Figure 7.5 panel B) shows a transient with a
duration of 8 CCD crossings or 36 seconds, and the lightcurve is slightly asymmet-
ric with the decline faster than the rise time. The peak amplitude is  0.25 mag. This
transient illustrates the sensitivity to transient events on timescales below 40 seconds,
which is a unique capability of Gaia.
FGT3 can be cross matched in the SDSS catalogue with an isolated red stellar ob-
ject with r0 – i0 = 1.55, indicative of a M4V spectral type (Hawley et al. 2002). The
lightcurve (Figure 7.5 panel C) starts rising within a transit, and reaches an amplitude
of 1.2 mag in 32 seconds. Although the secondary FoV for the transit containing the
transient is near the Ecliptic plane (at Ecliptic latitude of –12 degrees), the coincidence
with an M type dwarf star leads us to classify it as a robust transient event which is
likely a flaring M-dwarf. The source is back in quiescence during the following Gaia
scan 106 minutes later. The lightcurve illustrates that Gaia can provide constraints for
the rate of rise of transient events. Such constraints could be used to obtain a prelimi-
nary classification, and in addition may provide insights into the physics underlying the
brightness variations.
FGT4 does not overlap with either SDSS or Pan-STARRS but is located along
the line of sight towards the Magellanic Clouds (MCs). It is detected in the 2MASS
(Skrutskie et al. 2006) and WISE (Wright et al. 2010) catalogues with J =16.67 0.06,
H = 15.97 0.08, KS = 16.1 0.15,W1= 15.95 0.05 andW2= 15.71 0.09mag. The
colours are consistent with a K/M type giant star; assuming it is located in the MCs its
absolute K-bandmagnitude is –2.5, consistent with this interpretation. The lightcurve
is shown in Figure 7.5 (panel D), and shows an entire transit outlying from the quies-
cent source brightness. Although for this transient, the secondary FoV is located near
the Ecliptic plane (Ecliptic latitude of 11 deg), we deem it unlikely that a moving object
would contaminate a complete transit. This event could be a flare on a late type giant
star.
For the remaining four sources, one of the FoVs is close to the Ecliptic plane. These
sources cannot be clearly identified with a late type star. Although this is clearly not
a necessary requirement, to confirm the astrophysical nature of these events requires
multi wavelength or time resolved follow up observations.
Our results illustrate that the method is sensitive to both short (tens of seconds)
and longer (minutes to hours) timescale brightness variations. Moreover, our method
allows us to select sources that exhibit variations of the order of 0.3 mag. This reflects
and confirms the high quality of the individual Gaia photometric CCD measurements.
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We can roughly estimate the expected rate of fast transients discovered by Gaia
by assuming that our 7 HP trial dataset is representative of the rest of the sky. In that
case, we take into account to first order the area on the sky that is lost by excluding
15 degrees below and above the Galactic plane. This amounts to roughly 10000 square
degrees, leaving 31000 square degrees of the sky that can be searched. In our work we
find 4 – 8 transient candidates in 23.5 square degrees, and taking into account thatGaia
scans 1200 square deg per day we arrive at a rate of 4 – 9 fastGaia transients per day.
This order of magnitude estimate does not take into account the area on the sky that is
eliminated around bright stars and is likely an overestimate.
7.4.1 Future improvements
The implementation of a random forest classifier, based on the low resolution spectra
that are measured quasi-simultaneously with the photometry, can help to classify the
newly obtained transients into broad classes (Blagorodnova et al. 2014). Gaia has the
unique feature that each transit has an associated Bp and Rp spectrum, taken during or
very close to the transient event. This is especially useful for short duration transient
events, as they are likely to be back in quiescence by the time of dissemination (typically
the data downlinking and processing takes 48 hours). These spectra may thus contain
vital spectral information in addition to the colour information they provide regarding
the nature of the transient events. The calibration of these spectra is envisaged to be
performed in the near future, and may help to both reject spurious events as well as aid
the (preliminary) classification of newly discovered fast transients.
In addition, improvements in the astrometry will be implemented in the Gaia Sci-
ence Alerts database in the near future. Currently, the source positions that are down-
linked from the spacecraft consist of a first pass of the On-ground Attitude determina-
tion (OGA1) during IDT. In addition, a second iteration is performed during the later
stages of data processing, leading to improved source positions (OGA2). The accuracy
of the OGA2 source positions is 1 – 2 orders of magnitude better than OGA1. Although
for a newly identified transient only the OGA1 position will be available shortly after
detection, the implementation of the OGA2 positions for the historic transits will help
to reject brightness variations that are inconsistent with the quiescent source position
and thus improve the rejection of spurious events.
Finally, the reconstruction of the sky positions of sources on the secondary FoVwill
increase the confidence in detections of sources similar to FGTs 5 through 8, where it
is currently unclear whether they are real or could be due to objects in the second FoV.
Using the reconstructed second FoV will allow us to reject or confirm the astrophysi-
cal nature of these transient events and therefore will aid in the automatisation of the
detection process.
7.5 Summary
In this work, we have explored the feasibility of using the Gaia CCD data to search for
short timescale transient events. Gaia provides sparsely sampled, high time resolution
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( 4.5 s) lightcurves for all sources brighter than G= 20.7 mag over the whole sky.
Such timescales are virtually unexplored at optical wavelengths;Gaia provides a unique
data set to explore this parameter space. We present the Gaia data and filtering steps to
obtain a clean sample of sources, to which we apply a statistical method based on the
skewness and von Neumann statistics (indicators for transient and positive correlations
in the lightcurve) to select candidate fast transient events. Care is taken to account for all
the known artefacts present in the data, as well as environmental issues that may lead to
spurious results. Themethod is sensitive to identifying variability on timescales ranging
from 10 s of seconds to hours. Moreover, the detection of relatively low amplitude
(down to 0.3 mag) variability shows that the photometric precision of the CCD data is
excellent. We detect 8 candidate fast transient events, of which we tentatively classify
two as flares on M-dwarf stars and one as a flare on a giant star based on archival data.
The complete set of CCD photometric data fromGaia will be released to the public
in GDR45.
The implementation of an automated pipeline for fast transient detection within the
existingGaia Science Alerts framework with minimal user intervention is feasible, and
such a module can extend the timescales at which Gaia is sensitive to transients down
to 10s of seconds. We conclude that Gaia will open a new window on the fast transient
sky.
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Summary
In this thesis we have explored some of the selection biases that are present in current
samples of black holes, be it stellar mass BHs, IMBHs or SMBHs, andways inwhichwe
can reduce the effects these biases have on our current understanding of the properties
of the BH population. To this end, we perform a search for quiescent black holes both
within our own Galaxy and in the local Universe (z6 0.37).
The first four chapters detail one potential method to search for quiescent black
holes through a combinedNIR/optical/UV/X-ray survey of the Bulge of our ownGalaxy.
Using a sample of both quiescent and accreting stellar mass BHs can help constrain BH
formation models and will allow us to probe the population of BHs with low mass or
less evolved donors as well as longer orbital period systems. Those systems are thought
to have lower mass transfer rates than the current population of accreting stellar mass
BHs. Comparing such a sample including quiescent systems with binary population
synthesis results can help constrain the formation and evolution of LMXBs and the rel-
evant dynamical processes such as the common envelope phase. Such a population of
BHs may also shed more light on the presence (or absence) of a mass gap between NSs
and BHs.
A multi wavelength approach is inevitable in identifying quiescent systems; how-
ever, contaminants within such an X-ray sample are ubiquitous and therefore the search
for qLMXBs is necessarily data intensive. Multi epoch spectroscopy is required to
firmly establish the presence of a BH. However, the first step is trimming the list of can-
didates from the 1640 X-ray sources to a more manageable sample using photometric
observations. This is done in Chapter 2, where we present the optical part of the Galactic
Bulge Survey. This deep optical catalogue of part of the Bulge area, with an average 5
depth of r0 = 22.5, i0 = 21.1 mag, constitutes the starting point of our qLMXB search.
This catalogue is now publicly available and integrated in theVizier crossmatch service.
The assocation of optical sources with the 1640 detected X-ray sources is performed in
a statistical way, incorporating the background density of objects per magnitude bin in
addition to the distance between the optical and X-ray sources, to estimate likelihood
ratios for each optical source within an X-ray error region. In the absence of additional
photometric (either multi wavelength or temporal) or spectroscopic information, this
provides the optimal assocations between X-ray and optical sources.
LMXBs are relatively rare, X-ray bright systems with intrinsically faint optical coun-
terparts (high X-ray to optical flux ratios), typically of K or later spectral type, that
are known to trace the stellar mass content of a galaxy. To find such rare systems we
need to probe a large amount of mass, which can be done efficiently in the Bulge of
our own Galaxy. The relatively high dust extinction along the line of sight towards the
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Bulge implies that the intrinsically dim optical counterparts could go undetected in the
r0-band but are still detectable in the i0-band (because the effect of extinction decreases
with increasing wavelength). We have selected 171 sources that meet this requirement,
which are therefore good qLMXB candidates.
In Chapter 3 we exploit the narrow-band H photometry to search for LMXBs by
selecting H emission line objects in colour-colour diagrams of the GBS footprint. We
automate our selection algorithm, which fits for the positions and scatter of the unred-
dened MS and reddened MS/giant tracks, to maximize the homogeneity of the selected
outliers. In addition, quiescent systems in which the disk has a significant contribution
to the optical light are expected to have blue optical colours as the disk is hot (10000
K) while the companion star is typically of K or later spectral type. Therefore we also
search for blue outliers in the colour-colour diagrams. Although it is unlikely that such
blue systems are located in the Galactic Bulge, the blue outlier population may contain
some field BH systems (e.g. similar to V404 Cyg) and in addition likely contains single
WDs, CVs and planetary nebulae. Due to the saturation limits of the optical survey,
we establish that the blue outliers cannot be early type MS stars and therefore are most
likely systems containing compact objects. The H emission line candidates likely
contain systems with an accretion disk, although active binaries and chromospherically
active stars are expected to dominate this population. We cross correlate our sample
with existing archives, and find that nearly all our sources are new H emission line
candidates.
We present the spectroscopic follow up of a number of H emission line candi-
dates associated to X-ray sources in Chapter 4, and confirm the emission line nature
of all these sources. This Chapter, together with Chapter 5, illustrates the potential for
serendipitous discoveries of peculiar and rare systems. We exploit the wealth of avail-
able archival multi wavelength data, and combine this with new spectroscopic observa-
tions to classify X-ray sources. We find a variety of sources spanning the whole range
of stellar (binary) evolution. We identify several CVs, a peculiar young stellar object,
a magnetic CV exhibiting X-ray pulsations, and in addition a large number of active
(binary) stars. Interestingly, one object displays currently unidentified double-peaked
emission lines (CXB43) and a classification has not yet been possible.
In Chapter 5we present the discovery of the fifth hydrogen-deficient compact binary
(AM CVn) system with a disk persistently in the high state (CX361). This is inferred
from the absence of emission lines in the optical spectrum, together with constraints
provided by a  15 year lightcurve from OGLE observations, where we tentatively
identify the orbital and superhump periods at 22.90 and 23.22 minutes. Time-resolved
spectroscopy is required to confirm these periodicities. When confirmed, this system
provides an interesting opportunity to gain insight into the necessary conditions for disk
stability for the following reason: the mass transfer rate is thought to be the dominant
factor for disk stability (by setting the temperature at the outer disk edge), and it is a
strong function of the orbital period in AM CVn systems because it is mainly driven by
GW radiation. Interestingly, the orbital period of CX361 appears to be similar to that of
an existing outbursting system, hence there must be other factors that play an important
role for disk stability. Some suggestions on the nature of these mechanisms are given.
Namely, we suggest that the donor star is not a zero temperatureWD but rather has high
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entropy. A higher entropy donor is hotter and has a larger radius than a zero tempera-
ture WD (at fixed mass), leading to a higher mass transfer rate at a given orbital period.
Detailed studies are required to firmly establish which factors keep the disk stable in
this system, while other systems with similar orbital periods are outbursting. Finally, an
accurate distance determination (e.g. by Gaia) and inclination estimate (from lightcurve
modelling) can confirm that this source will serve as a LISA (GW) verification binary,
adding another source to the (small) verification sample of this next generation GW
(space) observatory.
In Chapters 6 and 7 we shift our focus from stellar mass BHs to their massive
cousins. Quiescent IMBHs and BHs at the low mass end of the SMBH mass distri-
bution can provide important clues with respect to the formation of SMBHs, and how
they evolve together with their host galaxy bulges to explain some specific and tight
observed correlations with their host bulge properties.
We use spectroscopic observations to measure BH masses for a complete sample of
optically/UV selected TDE host galaxies (down to ghost6 22 and z = 0.37) in Chapter
6. Assuming that the M– relation remains valid for masses below  106 M (in line
with current observations), we find that, as expected from theoretical arguments, TDEs
trace the low mass end of the BH mass distribution. The peak of the mass distribution
occurs around 106 M, roughly an order of magnitude lower than previously inferred
masses obtained using other, less accurate scaling relations. We point out that the lit-
erature mass estimates are inhomogeneous and moreover often sources of systematic
uncertainties are ignored. In addition, there is evidence (although the debate is still on-
going) that the MBH –LBulge relation may be a broken power law, in contrast with the
single power law that was used to estimate TDE host BH masses and leading to a sig-
nificant overestimate of MBH. We compare our newly obtained black hole masses with
TDE observables such as the peak absolute magnitude, blackbody luminosity at peak
and the photometric decay rate. We find that the blackbody luminosity at peak and the
photometric decay rate behave as expected if we assume that the light traces the mass
fall-back rate, thereby confirming that the standard TDE picture holds for low mass
 106 M BHs. This was previously doubted, as results from numerical simulations
suggested that due to inefficient circularization of the debris stream (Guillochon et al.
2014), or adiabatic losses in the disk wind (Metzger & Stone 2016) the peak optical
luminosity of TDEs in low mass (6 106:5 M) SMBHs could be strongly suppressed.
Regarding the powering mechanism of optically/UV selected TDEs, we show that the
blackbody radii at peak luminosity are orders of magnitude larger than expected for
a compact accretion disk. We find that these blackbody radii are consistent with the
stream self-intersection radius of shallow stellar encounters, suggesting that shocks due
to debris self-intersection may be the power source of optically/UV selected TDEs. Al-
though we can not rule out other reprocessing models, any such model must provide an
optically thick photosphere on scales similar to the stream self-intersection radius to be
compatible with our observations.
The final Chapter (7) is an introduction to the revolutionary capabilities of theGaia
satellite to probe the optical transient sky on very short timescales. With the excep-
tion of Gaia, no current or future optical transient survey is planned to explore the sky
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on  second to minute timescales. Therefore, exploiting the shortest timescales that
Gaia probes (4.5 s cadence lightcurves with 45 s duration over the whole sky down to
G= 20.7) provides a unique opportunity to open up this parameter space. Besides WD
TDEs around IMBHs, prompt optical emission from GRBs and flare stars (to give a
few examples), this data set may contain completely new phenomena that have not yet
been discovered. We describe the data processing and the statistical method to search
for outliers, which we apply to a small part of the available data for illustrative pur-
poses. Although future work is required to optimize this search and potentially release
alerts for fast transients (similar to the current Gaia Science Alerts) in near real-time,
we are optimistic for the prospects of Gaia opening up the fast transient sky.
Looking to the future
Stellar mass black holes
The Chapters in this thesis laid the groundwork to perform spectroscopic (optical/NIR)
follow up of the subsamples we identified in the GBS, ranging from H emission line
objects to sources with only an i0-band counterpart or no optical counterpart but a
detected IR counterpart. The latter sources could be probed using NIR spectroscopic
observations. Although the selected samples are fairly large (e.g. 200 qLMXB candi-
dates in Chapter 2), additional selection criteria such as the X-ray to optical flux ratio,
brightness and colour index in the IR as well as potentially time-resolved photometric
observations such as from OGLE could be used to narrow down this list and make it
manageable to perform spectroscopic studies. The fact that only 1 secure classification
of an XRB has been made in the GBS so far (Hynes et al. 2014) illustrates the difficulty
of finding LMXBs amid the plethora of other X-ray sources. In addition, other factors
may also play a role in the success of such a search. For example, the flux limit of the
X-ray survey (1 – 3 1014 erg cm 2 s 1) corresponds to a luminosity of  1032 erg
s 1 at 8 kpc (Bulge distance, not corrected for reddening). Therefore part of the quies-
cent BH systems may be at/below the detection limit (when located in the Bulge) and
thus escape detection in the GBS (e.g. the quiescent X-ray luminosity of A0620-00 is
1031 erg s 1).
Alternatively, even though some systems may be below the X-ray flux limit, such
systems could still be recovered by exploiting other properties specific to LMXBs such
as their optical colours. For example, disk dominated systems are expected to be rela-
tively blue, and/or potentially have broad H emission (depending on the inclination
of the system and BH mass) making them outliers in colour-colour diagrams. Although
we identified a large sample of sources that fit this description, one could fold repre-
sentative (simulated) spectra through the photometric response filters of the GBS to
better constrain the expected parameter range in which qLMXBs live in the colour-
colour diagrams. This could yield a more manageable sample for which a systematic
spectroscopic follow up campaign could be performed.
With respect to our understanding of the population properties of black holes, it is
tempting to conclude that GW observatories will soon detect black holes much more ef-
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ficiently than any EM survey can. However, one must keep in mind that GW detections
constitute (at least for the next few years) the final fate of BH binaries as the merger and
ringdown phases are the loudest in terms of GW emission. Moreover many systems dis-
covered in GW will have HMXBs rather than LMXBs as progenitors (because the GW
emission is loudest for high mass BH binaries), while the EM sample consists mostly of
LMXBs (although some HMXBs have also been discovered). Therefore it is premature
to move away from the EM study of BHs, as these studies provide insight in the for-
mation and evolution of BH binaries. Systems discovered in GW involved significant
interaction, making it much more challenging to constrain BH formation scenarios. EM
studies therefore provide important input in the population synthesis models that can
be used to understand both the formation and the final fate of black holes. More likely
these two fields of study will remain complementary to some degree for the foreseeable
future.
Massive black holes
The field of tidal disruption events is still in its infancy, with basic questions such as the
dynamics of the debris after a star is disrupted and what powers these luminous flares
still largely unanswered. To perform representative population studies such as the one
presented in Chapter 6, first and foremost a larger sample of (ideally) homogeneously
selected events is necessary. To this end, a detailed understanding of the selection effects
that are present in the current sample is required. For example, current surveys typically
select TDEs based on their blue colour with respect to supernovae, which might lead to
a bias against more intrinsically reddened, lower luminosity TDEs involving intrinsic
(or host galaxy induced) dust extinction. Although the current sample includes both
luminous and less luminous events (ranging from Mg = – 17 to – 21 mag), it is likely
that the TDE luminosity function extends to fainter events. Another requirement that is
often imposed is that there has been no previous host galaxy variability which, although
understandable from an observing efficiency point of view, likely biases the sample as
well. Such events can provide insight in both AGN and TDE jet physics, as illustrated
by the event ASASSN–14li, where the AGN jet was quenched while subsequently a
variable jet was observed to be launched (presumably as a result of the TDE). Going
one step further, there are several areas of research that have only just been explored,
including the influence of the host galaxy environment on the observational properties
of TDEs (e.g. vanVelzen et al. 2016b) and on the frequency of tidal disruptions (Stone&
vanVelzen 2016). The peculiar host galaxy preference of optically selected TDEswhich
favour rare post starburst (E+A) galaxies is another interesting puzzle that requires a
detailed study of the host galaxy properties and their link to TDE observables.
If and when these biases are overcome, TDEs can prove to be a powerful tool to
enable the demographic study of the lowmass host galaxies they trace. A large sample of
( 100s of) TDEs, as is expected from optical surveys such as ZTF and LSST and X-ray
surveys such as eROSITA, will provide empirical constraints on the SMBH occupation
fraction below 105 M, and thereby may help solve the puzzle of SMBH formation
and growth in the early Universe. Additionally, independent mass measurements (e.g.
for galaxies that are at low redshift) may be able to shed light on the validity of scaling
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relations at the low mass end of the BH mass distribution.
Samenvatting
Zwarte gaten
De aanwezigheid van zwarte gaten in het heelal is één van de meest ontzagwekkende
voorspellingen van de algemene relativiteitstheorie van Einstein. Gelukkig is het niet
nodig om die relativiteitstheorie te snappen om te begrijpen wat een zwart gat is, en
hoe het gevormd wordt. Laten we beginnen bij het begin: ieder deeltje heeft een massa.
Iedere massa, ongeacht de grootte, oefent via de zwaartekracht een aantrekkende kracht
uit op iedere anderemassa. Bijgevolg oefent deAarde dankzij haar massa zwaartekracht
uit op alles dat zich op haar oppervlak bevindt. Dit betekent dat wanneer je een bal
de lucht in gooit, deze schijnbaar automatisch weer naar beneden valt. De reden hier-
voor is eenvoudigweg dat de kracht die je uitoefent op de bal (naar boven) kleiner is
dan de totale kracht die de Aarde uitoefent (naar beneden). Om van de Aarde weg te
geraken heb je dus een grote hoeveelheid kracht nodig (lees: een grote snelheid). De
ontsnappingssnelheid om van de Aarde weg te raken is ongeveer 11.2 kilometer per
seconde, oftewel 40000 kilometer per uur; de ontsnappingssnelheid is afhankelijk van
i) de massa van het object waarvan je wil wegraken en ii) de grootte van het object.
Bijvoorbeeld: stel dat de straal van de aardbol twee keer kleiner zou zijn maar toch
dezelfde massa zou behouden, dan zou de ontsnappingssnelheid een factor 1.4 groter
worden (meer wiskundig: de snelheid hangt af van de vierkantswortel van de massa
en de vierkantswortel van 1 gedeeld door de straal; de vierkantswortel van 1 gedeeld
door 0.5 is 1.4). Als we dit gedachte-experiment een stap verder doorzetten, kunnen
we de Aarde in straal laten krimpen (met dezelfde massa) totdat de ontsnappingssnel-
heid driehonderd duizend kilometer per seconde (de snelheid van licht) bedraagt. Deze
magische grens, waarbij de ontsnappingssnelheid voor een deeltje gelijk is aan de snel-
heid van het licht, wordt bereikt wanneer de Aarde de grootte van een knikker (met
straal 0.9 cm) heeft. Op dat moment wordt de Aarde een zwart gat: de zwaartekracht
is zo sterk dat zelfs licht niet langer kan ontsnappen, en aangezien de lichtsnelheid de
theoretische maximumsnelheid van een deeltje is, kan er dus niets ontsnappen uit het
zwaartekrachtsveld.
Stellaire en superzware zwarte gaten
Hetzelfde principe, zoals net hierboven uitgelegd, geld voor ieder hemellichaam: hoe
groter de massa en hoe kleiner de straal, hoe groter de ontsnappingssnelheid. Typische
sterren zoals de Zon zijn vele malen zwaarder dan de Aarde (333000 keer om precies
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te zijn), maar ook vele malen groter (110 keer om precies te zijn). Dat de Zon vele
malen groter is dan de Aarde heeft ze te danken aan de energie die wordt opgewekt in
haar centrum. Daar is de temperatuur zo hoog dat kernfusie kan plaatsvinden, waarbij
energie word vrijgemaakt. Deze energie oefent een kracht uit in tegengestelde richting
van de zwaartekracht. Een stabiel evenwicht tussen de kracht van de opgewekte en-
ergie en de zwaartekracht zorgt ervoor dat de straal van de Zon ongeveer constant blijft
gedurende het grootste deel van haar leven. Omdat de Zon een relatief lichtgewicht is in
vergelijking met sommige andere sterren, verbruikt ze haar energievoorraad voor kern-
fusie relatief langzaam, en kan ze dit stabiel evenwicht voor miljarden jaren aanhouden.
Zwaardere sterren verbruiken hun brandstof voor kernfusie sneller, waardoor ze min-
der lang leven. Wanneer de brandstof opgebruikt is, verdwijnt het stabiele evenwicht
(omdat de energie, die tegen de zwaartekracht duwt, vermindert) en de straal van de
ster zal krimpen. Gezien de grote massa van zo'n ster hoeft ze, in tegenstelling tot de
Aarde, niet tot de straal van een knikker te krimpen vooraleer de ontsnappingssnelheid
groter dan de snelheid van het licht wordt. Zware sterren (zwaarder dan ongeveer 10
zonsmassa's) transformeren aan het einde van hun leven dus meestal in zwarte gaten.
Deze transformatie gebeurt niet geleidelijk aan: wanneer de interne brandstof is opge-
bruikt, vallen de buitenste lagen van de ster met hoge snelheid naar binnen, waarna een
zogenaamde supernova-explosie een deel van het materiaal terug naar buiten slingert,
en een deel van het materiaal achterblijft in een relatief klein volume en een zwarte gat
vormt. Gezien de zwarte gaten die op deze manier gevormd worden aan het einde van
de sterevolutie van zware sterren een typische massa van enkele zonsmassa's hebben,
worden ze ook wel stellaire zwarte gaten genoemd.
Behalve stellaire zwarte gaten kennenwe ook hun zwaardere neven die we terugvin-
den in de centra van sterrenstelsels. Van zulke zwarte gaten, die vele malen zwaarder
zijn dan de Zon (per definitie typischmeer dan 1miljoen zonsmassa's en dus ookwel su-
perzware zwarte gaten genoemd worden), is het veel minder duidelijk hoe ze ontstaan.
Er bestaan verschillende theorieen rond de vorming van superzware zwarte gaten. En-
erzijds wordt beweerd dat, vergelijkbaar met de vorming van stellaire zwarte gaten,
een gaswolk met een grote massa via de zwaartekracht kan samentrekken en direct
een superzwaar zwart gat kan vormen. Een andere denkpiste heeft het over frequente
botsingen tussen stellaire zwarte gaten, die telkens een zwart gat met een hogere massa
opleveren. Op deze manier kan er zich na verloop van tijd ook een superzwaar zwart
gat vormen. In een derde alternatief dat voorlopig het best lijkt aan te sluiten met obser-
vaties groeien superzware zwarte gaten voornamelijk via accretie van gas in een schijf
rond het zwarte gat, analoog aan accretie bij stellaire zwarte gaten maar opgeschaald.
Een gevolg van de laatste twee scenarios is dat er ook zwarte gaten met een massa
tussen stellaire en superzware zwarte gaten moeten bestaan, in de overgangsfase tussen
beide extremen (tussenmaatse zwarte gaten). Het is tot dusver niet mogelijk gebleken
om eenduidig te bepalen welke theorie(en) het bij het rechte eind heeft (hebben) met
behulp van observaties.
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Zwarte gaten bestuderen: actieve en slapende zwarte
gaten
Hoezo, zwarte gaten bestuderen? We leerden net dat zelfs licht niet kan ontsnappen uit
een zwart gat! Dit klopt inderdaad, maar gelukkig is er een alternatief. Sterren vormen,
in tegenstelling tot onze Zon, vaak paren (dubbelsterren) of zelfs groeperingen van 3 of
meer individuele sterren. Omdat de sterevolutie afhangt van de hoeveelheid brandstof
voor kernfusie (lees: de massa) van de ster, is er in een dubbelster altijd één van de twee
sterren die sneller evolueert, namelijk de zwaarste ster. Het komt dus voor dat een zware
ster tot een zwart gat evolueert terwijl zijn kompaan nog voldoende brandstof heeft
om stabiel te blijven. Omdat de zwaartekracht van een zwart gat erg groot is, kan het
gebeuren dat de buitenste lagen van de kompaan sterker worden aangetrokken door het
zwarte gat dan door de ster zelf. Op deze manier komt er sterrengas in een baan rond het
zwarte gat terecht (maar het kan niet zomaar in het zwarte gat vallen, vanwege behoud
van impulsmoment). Deze materie vormt een zogenaamde accretieschijf rondom het
zwarte gat, en zal onder meer vanwege wrijving in de schijf opwarmen (net zoals je
handen warm worden wanneer je ze tegen elkaar wrijft). Het verschil met je handen
is dat de materie in de schijf vele duizenden graden warm wordt, en energie uitstraalt
in hoogenergetische lichtdeeltjes die we rontgenstraling noemen (je handen stralen ook
licht uit, maar in laagenergetische infrarood lichtdeeltjes). Op deze manier is het dus
toch mogelijk om een zwart gat te zien, niet vanwege de straling van het zwarte gat
maar wel via de straling van het materiaal in een schijf rondom het gat.
Vooraleer de deeltjes in de schijf effectief op het zwarte gat kunnen vallen, moeten
ze eerst impulsmoment kwijtraken. Dit gebeurt hoofdzakelijk door wrijving (ook wel
viscositeit genoemd). Afhankelijk van de eigenschappen van de schijf, zoals de dichtheid
en de temperatuur, kan er veel wrijving zijn tussen de deeltjes, of net niet. Indien er
veel wrijving is tussen de deeltjes is het makkelijker voor sommige deeltjes om hun
impulsmoment over te dragen, en kunnen ze in korte tijd naar het zwarte gat vallen.
Dit proces wordt ook wel accretie genoemd, waarbij er ook hoogenergetische licht-
deeltjes worden uitgestraald. Indien er weinig wrijving (viscositeit) tussen de deelt-
jes in de schijf is, is het veel moeilijker om tot bij het zwarte gat te komen. Op deze
manier kan men zwarte gaten onderverdelen in twee soorten, namelijk zwarte gaten
waarbij er veel materie op het zwarte gat valt en er veel hoogenergetisch licht wordt
uitgestraald tijdens zogenaamde uitbarstingen, waarbij er plots een grote hoeveelheid
materie naar het zwarte gat valt (actieve zwarte gaten), en hun tegenhangers waarbij
er weinig of geen materie op het zwarte gat valt en er dus relatief weinig hoogener-
getisch licht wordt uitgestraald (slapende zwarte gaten). Vanwege de grote hoeveelheid
rontgenstraling die vrijkomt bij uitbarstingen in actieve zwarte gaten is deze soort veel
makkelijker te ontdekken als heldere rontgenbronnen aan de hemel ten opzichte van de
dimme slapende zwarte gaten. Een logisch gevolg is dat de huidige populatie van gek-
ende zwarte gaten, voornamelijk ontdekt via rontgenobservaties, volledig bestaat uit
actieve zwarte gaten. Het is echter onduidelijk of het verschil in helderheid het enige
verschil is tussen actieve en slapende zwarte gaten. Je kan je bijvoorbeeld afvragen of
een zwart gat dat gedurende lange tijd veel materie opslokt door de band genomen niet
184 The fast transient sky with Gaia
zwaarder is dan zijn slapende tegenhanger. Observaties suggereren ook dat zwaardere
zwarte gaten mogelijk minder vaak een rontgenuitbarsting ondergaan. Aangezien alle
gekende stellaire zwarte gaten ontdekt werden via zo'n uitbarsting zou het kunnen dat
we een vertekend beeld hebben van de hele populatie. Dit heeft op zijn beurt weer een
impact op het modelleren van sterevolutie en kennis gerelateerd aan de vorming van
zwarte gaten. De enige manier om hier een beter inzicht in te krijgen is door actief op
zoek te gaan naar slapende zwarte gaten en hun eigenschappen vast te stellen. Deze
thesis is grotendeels gewijd aan de zoektocht naar zowel stellaire, tussenmaatse en su-
perzware slapende zwarte gaten. In tegenstelling tot hun actieve tegenhangers is de
ontdekking van slapende zwarte gaten grotendeels afhankelijk van optisch licht uitges-
traald door de schijf in plaats van rontgenstraling. Hoewel de zoektocht wel degelijk
begint bij het ontdekken van de rontgenstraling is het vinden van de optische tegen-
hanger cruciaal voor de classificatie als slapend zwart gat. Er bestaan namelijk nog een
hele rist andere rontgenstralers, gaande van jonge sterren tot actieve (dubbel)sterren en
witte dwergen (het eindpunt in de evolutie van relatief lichte sterren die geen zwart
gat vormen omdat ze niet genoeg massa hebben), die zonder de optische tegenhanger
moeilijk uit elkaar gehouden kunnen worden.
DeGalactic Bulge survey: stellaire slapende zwarte gaten
In de eerste vier hoofdstukken beschrijven we de zoektocht naar stellaire zwarte gaten
aan de hand van rontgen- en optische observaties van een regio dichtbij het centrum
van ons eigen Melkwegstelsel, ook wel de Galactische bult genoemd. Deze Galactis-
che bult bevat een relatief groot deel van de massa van de Melkweg in een relatief klein
volume. Omdat stellaire zwarte gaten een goede indicator zijn van de massaverdeling in
een sterrenstelsel (of anders gezegd: stellaire zwarte gaten bevinden zich voornamelijk
waar er een hoge massaconcentratie in een sterrenstelsel is) is onze Galactische bult dus
een goede plek voor onze zoektocht. Eerder werk heeft 1640 nieuwe rontgenbronnen in
dit gebied aan het licht gebracht. Om deze 1640 bronnen terug te brengen tot een kleiner
aantal goede kandidaat slapende zwarte gaten beschrijven we in Hoofdstukken 2 en 4 de
analyse van de optische observaties. Van cruciaal belang is het overeenstemmen van de
rontgenbronnen met hun optische tegenhangers. Dit is geen eenvoudige opdracht om-
dat er voor iedere rontgenbron typisch meer dan 1 kandidaat optische tegenhangers zijn
(omdat de positie van rontgenbronnen soms niet erg precies te bepalen is). Eens we de
meest waarschijnlijke optische tegenhanger gevonden hebben, kunnen we de gecombi-
neerde gegevens gebruiken om goede kandidaat slapende zwarte gaten aan te wijzen.
Zoals eerder opgemerkt zijn de meerderheid van de gevonden rontgenbronnen geen
slapende zwarte gaten maar andere soorten hemellichamen. Hoewel onze focus ligt op
de slapende zwarte gaten, bieden de gebruikte observaties ook de kans om andere inter-
essante systemen te ontdekken. In Hoofdstukken 3 en 5 beschrijven we enkele van zulke
ontdekkingen, onder meer van een niet vaak voorkomend dubbele witte dwerg-systeem
met een baanperiode van om en bij de 22 minuten (ter vergelijking: de baanperiode van
de binnenste planeet in ons zonnestelsel, Mercurius, is ongeveer 3 maanden!). Zulke
systemen, waarbij één van de twee witte dwergen omgeven is door een accretieschijf
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en waar de andere witte dwerg met een snelheid van meer dan 10000 kilometer per
uur omwentelingen maakt, kunnen ons meer inzicht geven in de belangrijkste factoren
die de (in)stabiliteit van accretieschijven beınvloeden. In Hoofdstuk 5 beschrijven we
verder de classificatie van 24 rontgenbronnen, met onder meer de ontdekking van een
jonge ster die mogelijk omgeven is door een planetoıdengordel of een schijf die de em-
bryo's voor toekomstige planeten bevat, en ook nog een rist aan actieve sterren waarop
naar analogie met de zon zonnestormen woeden.
Tidal disruption events: tussenmaatse en superzware slapende
zwarte gaten
In Hoofdstukken 6 en 7 verleggen we onze focus naar tussenmaatse en superzware
zwarte gaten buiten ons eigenMelkwegstelsel. Ook hier kan men dezelfde onderverdel-
ing in actieve en slapende zwarte gaten maken, en wederom gaan we op zoek naar een
manier om deze slapende zwarte gaten te ontdekken. In dit geval zijn er miljoenen ster-
ren die rondom het zwarte gat kunnen wentelen onder invloed van diens zwaartekracht.
Maar in tegenstelling tot een (semi-)stabiele configuratie, zoals zich bij stellaire zwarte
gaten met een kompaan kan vormen, zijn sterren die dichtbij een superzwaar zwart
gat komen een ander lot beschoren. In de buurt van een superzwaar zwart gat is diens
zwaartekracht namelijk zo groot dat de ster als het ware uit elkaar getrokken wordt in
een langwerpige gaswolk of spaghettisliert (in het Engels: een tidal disruption event).
Een deel van de ongelukkige ster zal door het zwarte gat opgeslokt worden, waarbij er in
korte tijd een enorme hoeveelheid energie wordt uitgestraald (herinner dat bij stellaire
zwarte gaten slechts kleine hoeveelheden van de buitenlagen van de kompaan worden
opgeslokt, terwijl hier bijna de halve ster in het zwarte gat verdwijnt!). De duur van
deze lichtflits hangt onder meer af van de eigenschappen van de ster en de massa van
het zwarte gat. Dit kan gaan over tijdschalen van enkele honderden seconden tot enkele
jaren. Hoe kleiner het zwarte gat, hoe korter men de lichtflits verwacht. Het is echter
nog niet duidelijk welk proces er nu precies zorgt voor die enorme hoeveelheid uit-
gestraalde energie. In Hoofdstuk 6 bestuderen we de zwarte gaten van sterrenstelsels
waarin recent zo'n lichtflits (tidal disruption event) werd waargenomen als gevolg van
een ster die te dicht bij het superzwaar zwart gat terecht kwam; in het bijzonder proberen
we de massa van het zwarte gat erg precies te meten. Zulke metingen stellen ons in staat
om te onderzoeken of er mogelijk relaties bestaan tussen de massa van het zwarte gat
en andere eigenschappen zoals de duur, de helderheid en de helderheidsafname van de
lichtflits. We vinden inderdaad indicaties om aan te nemen dat een lagere massa een
kortere flits teweegbrengt. Verder kunnen we op basis van een schatting van de lokatie
rondom het zwarte gat vanwaar de energie wordt uitgezonden (op het moment dat de
flits het helderst is), ook uitsluiten dat de vrijgemaakte energie rechtstreeks afkomstig
is van de accretie van de uiteengerukte ster, maar voor verderreikende conclusies zijn
er meer observaties van nieuwe flitsen nodig.
In Hoofdstuk 7 beschrijven we ten slotte onze zoektocht naar de kortste flitsen, na
een tidal disruption event, in de zoektocht naar slapende tussenmaatse zwarte gaten.
186 The fast transient sky with Gaia
Zulke korte lichtflitsen (die nog nooit waargenomen zijn, maar waarvan geschat wordt
dat ze enkele tientallen tot honderden of duizenden seconden kunnen duren) zijn moeil-
ijk te ontdekken in optisch licht om verschillende redenen. Ten eerste is de grootte van
een zwart gat afhankelijk van zijn massa: hoe minder zwaar het zwarte gat is, hoe min-
der vaak er een ster te dicht bij het zwarte gat komt. Vergelijk dit met een dartbord: het
is moeilijker om met een pijl (de ster) de kleine roos (een licht zwart gat) te raken dan
de grote roos (een zwaar zwart gat). Verder is de lichtkracht die een tussenmaats zwart
gat kan uitstralen (in de aanname dat dit gelimiteerd is tot de Eddington limiet) kleiner
dan voor een superzwaar zwart gat, en dus is het volume waarin we zulke flitsen bij
tussenmaatse zwarte gaten kunnen waarnemen kleiner. De laatste reden is gerelateerd
aan de manier waarop optische observaties gemaakt worden (meestal in lange obser-
vaties die tientallen minuten kunnen duren).Gaia, een satelliet gelanceerd in 2013 door
de Europese ruimtevaartorganisatie ESA, zal voor het eerst de hele hemel afschuimen
met een tijdsresolutie van enkele seconden in optisch licht, en het mogelijk maken om
zulke korte lichtflitsen (en vanwege de relatie tussen de duur van de flits en zwarte
gat massa dus mogelijk ook tussenmaatse zwarte gaten) te ontdekken. We beschrijven
de data-analyse en presenteren de eerste resultaten van onze methode in de zoektocht
naar korte helderheidsveranderingen, en tonen aan dat we er inderdaad in slagen om
enkele korte lichtflitsen te ontdekken (helaas nog niet van tussenmaatse zwarte gaten
maar wel van sterren met een zonnestorm). Dit werk vormt de basis voor toekomstige
verbeteringen die ons uiteindelijk in staat moeten stellen om ook op zoek te gaan naar
tussenmaatse zwarte gaten.
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Jaaaalala lala lala lala! Jaaaalala lala lala lala! Daar zijn ze weer die jongens van
de univ(v)ersiteit, `t zijn allemaal van die fanatieke lui! Aan iedereen met wie ik het
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plezier gehad heb om samen te voetballen in de afgelopen 3 jaar bij Uni VV: merci. Het
was niet altijd even makkelijk, maar dit was toch het hoogtepunt van mijn integratie in
de Nederlandse cultuur (afgezien het feit dat mijn bijnaam ''de Belg'' was dan) en ik heb
mij enorm geamuseerd. Dat de spanning nog menige keren ten top moge stijgen, en dat
er nog veel derde helften bij Jos mogen volgen!
Mogen natuurlijk ook niet ontbreken: de jongens van thuis. Womu, Len, Serge,
Yves, Bemu, Ief, Mufasa en menig andere jaaper, de mannen van het Koot, de Dudes:
ik denk niet dat ik nog veel nieuwe vrienden zoals u nog zal tegenkomen. Ik kan altijd
thuiskomen alsof ik nooit ben weggeweest, een heerlijk gevoel is dat. Hopelijk kunnen
we dat zo houden in de toekomst!
Mam, pap, bedankt om de deur altijd open te hebben staan om een weekend terug te
komen naar huis. De laatste tijd gebeurt het wat minder, maar ik kan me niet voorstellen
wat ik had moeten doen als jullie er niet geweest waren. Bedankt ook voor uw interesse
en blijvende bezorgdheid, zelfs al ben ik ondertussen toch 27 jaar :-)
Jolien en Ruben, goed dat er nog een paar andere wetenschappelijke denkers in de
familie zijn! Ik ga jullie missen. Martijn en Julie, ik ben blij dat ik de peter van onze
Jorretje Knorretje mag zijn en me zo toch dichtbij onze familie kan voelen terwijl ik
iets verder weg verhuis. Dat betekent enorm veel voor mij. Ik hou van jullie en ga jullie
missen!
Mi amorcito, I would not be who I am today if I would not have met you. This
little book is as much your accomplishment as it is mine, and you are by far the best
and most special discovery I have made in the last few years. You have suffered me in
stressful times while being in the same situation; I hope I can do as great a job as you
did supporting me in the next year. In the meantime we've started writing our own little
book, which I hope will never run out of pages. I'll be counting down the days until we
are together again.
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